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Lettuce and tomatoes were inoculated with 100ul of a 5-strain cocktail of Escherichia coli
0157:H7 or Salmonella Typhimurium DT 104 and stored at 4°C overnight. Samples were then
treated with neutral electrolyzed (NEO) water (155 mg/L free chlorine) in either a salad washer
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treatments served as controls. Increasing time and washing speed resulted in greater
reductions of pathogens on lettuce (romaine and iceberg) treated in salad washer, while only
time had a significant effect on reductions of S. Typhimurium DT 104 on tomatoes (p<0.05). For
ultrasound treatments, increasing time and ultrasonic power also showed significant effects
(p<0.05) on pathogen reductions. Pathogens were always inactivated in NEO water wash

solutions while varying populations remained in deionized water wash solutions.
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CHAPTER 1

INTRODUCTION

Fresh fruit and vegetable consumption has been on the increase over recent
decades due to the various nutritional and health benefits that they provide when
consumed. This has also translated into fresh produce being increasingly incorporated
into meals in restaurants, food service operations and homes. This trend however has
coincided with an increasing number of foodborne illnesses and outbreaks in the United
States as well as internationally with 13% of foodborne outbreaks reported between
1990 and 2005 being related to fresh produce, a rise from 0.7% in the 1970s (Doyle and

Erickson 2008).

In 2009-2010, 1,527 foodborne diseases were recorded to have occurred and of
these cases Salmonella spp. and Shiga-toxin Escherichia coli accounted for the most
outbreak-related hospitalizations with Salmonella spp. causing 49% of
hospitalizations and 5 deaths and Escherichia coli 0157:H7 directly implicated in 16%
of hospitalizations and 3 deaths (Gould and others 2013). These two pathogens are
also very important in relation to fresh produce outbreaks. In 2006, an outbreak of
Salmonella Typhimurium in tomatoes led to 183 ill persons across 21 states in the
USA and 2 persons in Canada, with 22 hospitalizations. (CDC 2006). In 2011, 45
persons fell ill after consuming Escherichia coli 0157:H7 infected romaine lettuce
resulting in 30 hospitalizations and 2 persons developing hemolytic uremic

syndrome (CDC 2011). The need for effective wash and sanitizing treatments to

1



remove or reduce microorganisms on fruits and vegetables cannot be
overemphasized and various antimicrobials and physical interventions including the
use of chlorine compounds, organic acids, irradiation and ultraviolet light have been

studied and used in the fresh produce industry (Ramos and others 2013).

Electrolyzed water is a chlorine based sanitizer produced by passing a dilute salt
solution (NaCl) through an electrolytic cell (generator), with the anode and cathode
chambers separated by a membrane. Electrolyzed oxidizing (EO) water, a low pH,
high oxidation-reduction potential and chlorine containing solution is produced from
the anode side and has been reported to show antimicrobial activity against various
microorganisms that are important to food safety (Hricova and others 2008; Huang
and others 2008). A near neutral pH EO (NEO) water can be produced in different
types of generators and also shows similar bactericidal properties as EO water but
exhibits greater stability and less corrosiveness (Huang and others 2008). The use of
NEO water in the treatment of pathogens on fresh produce has been extensively
studied (Deza and others 2003; Abadias and others 2008) however its effectiveness

when combined with other interventions has not been widely expressed.

Agitation has been shown to increase the effectiveness of sanitizers when
introduced in the treatment of fresh produce (Wang and others 2007). In some food
service establishments, a salad washer is used in the washing of produce items and
this step could be modified to include an antimicrobial wash-step at varying speeds

to assess the effects of agitation on the effectiveness of NEO water.



Ultrasonication is another non-thermal technique gaining ground in the treatment of
microbes in the fresh produce industry. Ultrasound is able to kill microbes through a
phenomenon known as cavitation (Mason 1998) and has combined effectively with
various sanitizers to improve reduction and inactivation of various pathogens

(Scouten and Beuchat 2002; Hung and others 2010).

A wide variety of studies have however not been conducted looking at the
effects of agitation and ultrasonication on the efficacy of NEO water in removing
pathogens on fresh produce. This research study therefore focuses on two main

objectives:

1. To determine the effects of treatment time and washing—speed on the
reductions of Escherichia coli 0157:H7 and Salmonella Typhimurium DT 104 on
different produce items using NEO water and a modified, automated salad
washer (155 mg/L, pH 6.5).

2. To determine the effects of ultrasonication on Escherichia coli O157:H7 and
Salmonella Typhimurium DT 104 reduction or inactivation on fresh produce

items when combined with NEO water (155 mg/L, pH 6.5).
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CHAPTER 2

LITERATURE REVIEW

Fresh produce consumption trends

Decades of scientific research have been able to establish that fruits and vegetables are
necessary components of healthy diets. Fresh produce are a source of significant and
varying amounts of nutrients, micronutrients, vitamins and fiber when consumed as
part of a diet (Carlin 2007). Its inclusion in meals or diets also contributes visual and
aromatic variety in the form of colors, aromas and flavors. Due to these nutritional and
to a lesser extent aesthetic culinary benefits, its consumption has been on the rise in the
United States, Europe and all other parts of the world over the past few decades leading
to a commercial boost in the fresh produce industry. Globally, the consumption of fruits
and vegetables increased by an average of 4.5% per annum on average between 1990
and 2004 and this was higher than the world population growth rate, signifying that the
global per capita consumption of fresh produce has also risen (European Commission

2007).

These growths have inadvertently led to an increase in the market share of fresh
produce industries in the aspects of production as well as processing. For example,
tomato production worldwide over the past two decades has doubled (European

Commission 2007). In the United States, fresh produce availability to consumers has also



increased considerably to match the increasing demand (Hoelzer and others 2012).
According to the United States Department of Agriculture Economic Research Services
(USDA 2010), the per capita availability of fruits and vegetables to consumers rose by
30% and 20% respectively between 1970 and 2008 with the fresh-cut produce industry
playing a major part in this progress. The industry developed largely in the mid-1980s
and this was as a response to the demand for quick-to-prepare products that are as
similar as possible to fresh produce (Sanz and others 2009). Cook (2003) reported that
the retail and foodservice sales of fruits and vegetables in the United States surpassed
$84 billion in 2001 with the fresh cut produce industry also rising from $3.3 billion in

1994 to $11 billion in the year 2000.

Food borne illnesses

The increases in fruit and vegetable consumption as well as better outbreak
surveillance systems have also increased the number of food borne illness outbreaks
associated with fresh produce also over recent years (Doyle and Erickson 2008). The
Center for Disease Control and Prevention (CDC) defines a food borne disease outbreak
as “the occurrence of two or more similar illnesses resulting from ingestion of a
common food” and fresh produce items have increasingly been attributed as causes of
these diseases as have beef, poultry and eggs (Gould and others 2013). In the 1970s,
0.7% of foodborne outbreaks reported were caused by fresh produce, however
between 1990 and 2005, produce related outbreaks had risen to about 13%

(Sivapalasingan and others 2004; DeWaal and Bhuiya 2007, Doyle and Erickson 2008).



Many reasons can be given for the susceptibility of fresh produce items to be
infected with pathogens and cause food borne illnesses. Fresh produce growing on
farms is greatly exposed to pathogenic microbes through contact with dust, manure,
water, feces and soil (Beuchat 1996; Carlin 2007). Fruits and vegetables are also living
components of plants that continue to respire after detachment or harvest and also
have high water contents which provide ideal conditions for the growth of
microorganisms (Carlin 2007). Occurrences during harvesting, postharvest handling,
processing and distribution can also contribute external microorganisms which can also
increase the risk associated with consuming fruits and vegetables available in retail and
food service establishments (Beuchat 1996; Carlin 2007). Certain types of fruits and
vegetables have been implicated in significantly more outbreaks than others and these
include green-based salads, lettuce, potatoes and sprouts (Carlin 2007; DeWaal and
Bhuiya 2007) with studies also showing that fruits and vegetables ready for use and
processing can harbor varying degrees of foodborne pathogens including Salmonella
spp., E. coli 0157:H7, Listeria monocytogenes, Shigella, Staphylococcus, Norovirus and
Campylobater spp. (Beuchat 1996). Pathogenic microbe populations on fresh produce
may range between 10% and 10° CFU/g (Koseki and others 2001) making the need for

their removal very important.
Foodborne pathogens

The pathogens that may be associated with fresh produce outbreaks may

comprise of bacteria, viruses and pathogens however bacteria have been reported to



pose higher concerns when looking at the number of persons affected and illnesses
caused in relation to the other pathogens (Beuchat 1996). Two of the pathogens that
are of great importance among bacterial species in relation to all foodborne illness
outbreaks including produce are Salmonella spp. and Shiga-toxin producing Escherichia
coli. According to the CDC, in 2009-2010, 1,527 foodborne disease outbreaks were
recorded to have occurred, resulting in 29,444 illnesses, 1,184 hospitalizations and 23
reported deaths. Of these cases, Salmonella spp. and Shiga-toxin Escherichia coli
accounted for the most outbreak-related hospitalizations with Salmonella spp. causing
49% of hospitalizations and 5 deaths and Escherichia coli 0157:H7 directly implicated in

16% of hospitalizations and 3 deaths (Gould and others 2013).

Salmonella

Salmonella spp. are rod-shaped Enterobacteriaceae and these are gram-negative
facultative anaerobes. Bacteria in this species grow optimally at 37°C, pH 6.5 to 7.5 and
are able to employ respiratory and fermentative pathways for the metabolism of
nutrients (D’Aoust and others 2007). Salmonella spp. are able to adapt to extreme
conditions in their environment or surroundings with some strains being able to grow in
foods at temperatures of between 2°C and 54°C as well as pH ranges of 4.5 to 9.5
(D’Aoust and others 1975; D’Aoust and others 2007). The genus consists of over 2700
serotypes with animals and birds the natural reservoirs however, a number of these

have been found to be capable of causing human infections (Beuchat 1996).



Salmonellosis, the disease associated with Salmonella infections, has been
reported to be among the leading causes of foodborne illnesses and can lead to enteric
fever and uncomplicated enterocolitis. The non-typhoidal strains normally lead to self-
limiting diarrhea that does not require treatment with antibiotics (White and others
2002). Some of the serotypes that have been implicated in produce related outbreaks
include S. typhi, S. typhimurium, S. montevideo, S. Newport among others. In 2006, an
outbreak of Salmonella Typhimurium in tomatoes led to 183 ill persons across 21 states
in the USA and 2 persons in Canada, with 22 hospitalizations (CDC 2006). In 2012, an
outbreak of Salmonella Typhimurium and Salmonella Newport in cantaloupes led to 261
ill persons across 24 states in the USA and resulted in 94 hospitalizations and 3 deaths
(CDC 2013). Raw tomatoes were also implicated in 2 multi-state outbreaks involving 176
cases of S. javiana and 100 cases of S. montevideo infections (Hedberg and others 1999)

in 1990 and 1993 respectively.

In recent decades, resistance of certain Salmonella spp. to antibiotics has been
reported as a consequence of the administration of antibiotics to food producing
animals (Threlfall 2002) and these antibiotic-resistant species have increasingly been
implicated in foodborne illness outbreaks. One of the most significant multi-drug
resistant serovars is S. Typhimurium DT 104, which has been reported to be resistant to
chloramphenicol/florfenicol, ampicillin, streptomycin, sulfonamides and tetracycline
(Threlfall 2002; White 2002; Carlin 2007). Infections related to the multi-drug resistant

strains are more difficult to treat and therefore pose greater danger to public health.

10



Escherichia coli 0157:H7

Escherichia coli forms part of the intestinal tract of humans and other warm-
blooded animals and are facultative anaerobic microorganisms (Meng and others 2007).
Virulent strains of Escherichia coli can be grouped into enteropathogenic E. coli (EPEC),
enterotoxigenic E. coli (ETEC), enteroinvasive E. coli (EIEC), diffuse-adhering E. coli
(DAEC), enteroaggregative E. coli (EAEC), enterohemorrhagic E. coli (EHEC). Of these
groups, EHEC in the form of E. coli 0157:H7 is the most widely associated strain with
foodborne disease outbreaks in the United States. E. coli 0157:H7 exhibits several
characteristics that are not consistent with other E. coli strains and some of these
include being unable to grow well at temperatures > 44°C in E. coli broth and the
inability to ferment sorbitol in a period of 24 h (Meng and others 2007). E. coli 0157:H7
is also able to exhibit acid resistance and antimicrobial resistance (Getty and others
2000; White and others 2002; Threlfall and others 2000; Meng and others 2007). E. coli
0157:H7 falls under the Shiga-toxin producing E. coli group and has been implicated in a
large number of food borne illness outbreaks with the CDC estimating that 73000
ilinesses and 61 deaths caused by E. coli 0157:H7( Mead and others 1999). Over the
course of 2 decades spanning 1982 to 2002, 350 E. coli 0157:H7 infection outbreaks
were reported, with 28% and 23% of the food related outbreaks attributed to
restaurants or food facilities and produce respectively (Rangell and others 2005). Some
of the produce items heavily associated with these outbreaks includes lettuce,
cantaloupe, potatoes, radish sprouts and salads (Meng and others 1998). In 2011, 45
persons fell ill after consuming Escherichia coli 0157:H7 infected romaine lettuce

11



resulting in 30 hospitalizations and 2 persons developing hemolytic uremic syndrome
(CDC, 2011). Also, in 2013, a multi-state ready-to-eat salad Escherichia coli 0157:H7

associated outbreak led to 33 infections and 7 hospitalizations (CDC 2013).

Electrolyzed water

Various chemicals and antimicrobials have been extensively used in the aim of
removing pathogens on fruits and vegetables. In recent years, one sanitizer that has
been gaining a lot of ground is electrolyzed water. It is reported to have been initially
developed in Japan (Shimizu and Hurusawa 1992; Al-Haq and Sugiyama 2004) however;
other authors also suggest its conceptualization in Russia as well (Kunina and others
1962; Krivobok and others 1982; Hricova and others 2008). Electrolyzed water exhibits
antibacterial properties which have been useful in the fields of medicine, agriculture and
dentistry for disinfection and decontamination purposes and is currently being studied
and already in use in food industry applications (Huang and others 2008; Hricova and

others 2008).

Electrolyzed water generation

The production of electrolyzed water is generally very simple and requires an
electrolytic cell known as the electrolyzed water generator and a dilute salt solution.
The water is produced by passing the dilute salt solution (NaCl or KCl) through the
electrolytic cell which is separated into the anode and cathode chambers by a
membrane (Hrivoca and others 2008; Huang and others 2008). As this occurs, the
electrodes in the generator are exposed to direct current voltages, resulting in the

12



movement of the negatively charged ions in the salt solution including chloride and
hydroxide to the anode to lose electrons and become chorine gas, oxygen gas,
hydrochloric acid, hypochlorous acid and hypochlorite ions. The positively charged ions,
hydrogen and sodium or potassium, also move to the cathode to gain electrons and
become hydrogen gas and sodium hydroxide (Hsu 2005; Hricova and others 2008).
These actions of electrolysis eventually result in the production of two different types of
solutions with contrasting properties. From the anode side, electrolyzed oxidizing water
(EO) is produced while electrolyzed reducing (ER) water is produced from the cathode
chamber. EO water has a low pH (2.3-2.7), a high oxidation-reduction potential (ORP) of
above 1000 mV, high dissolved oxygen and varying concentrations of free chlorine
dependent on the generator type. ER water on the other hand has a high pH (10-11.5),
low ORP (-900 t0 -800 mV) and high dissolved hydrogen (Hsu 2005; Hricova and others
2008; Huang and others 2008). EO and ER water have also been referred to as acidic
electrolyzed water (AEW) and basic electrolyzed water (BEW) by other authors (Al-Haq
and others 2005). A schematic diagram showing the electrolyzed water generation
process is shown in Figure 2.1. EO water’s bactericidal properties have been well
reported while ER water has been used as a cleaning agent with its ability to remove dirt

and grease on items used in food preparation and processing (Hsu 2005).
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Figure 2.1: Schematic diagram of an electrolyzed water generator showing final
components of EO water and ER water and the electrolysis reaction (Adapted from
Huang and others 2008).

Even though EO water is a chlorine-based sanitizer like bleach, chlorine dioxide and
sodium hypochlorite it has several advantages over the other chlorine sanitizers. One
major advantage of EO water is its safety in terms of corrosiveness. Although it generally
has a pH below 3 making it a strong acid, it is not corrosive to the skin or organic
material (Huang and others 2008) making it a safer antimicrobial solution when
compared to other strong acids that can be used for sanitizing. Secondly, it is also cheap
after the initial investment is made for the generator since only NaCl or KCl and water
are required for EO water production (Koseki and others 2002; Hricova and others

2008). The production can also be done on-site reducing costs that can be accrued
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through transportation of dangerous chemicals. Also, EO water is environmentally
friendly since it returns to being water when diluted by tap water without releasing high
concentrations of harmful and dangerous gases into the atmosphere (Bonde and others

1999; Huang and others 2008) making it relatively safe for the user.

The only significant drawback with EO water use is its relative lack of stability in
terms of its antimicrobial activity. With 10 to 15% of the free chlorine concentration
(FCC) being in the form of chlorine gas at low pH levels, a significant proportion of the
concentration of free chlorine is lost relatively quickly through evaporation affecting its
bactericidal properties (Len and others 2000; Koseki and Itoh 2001). This problem is
tackled through the use of different types of generators that result in the production of
higher pH electrolyzed water which exhibits greater stability compared to acidic or EO

water.

Two types of generators can be used for the production of higher pH EO water
with the septum, diaphragm or membrane being the difference. In one type of EO water
generator, hydrochloric acid or NaCl solution is electrolyzed in an electrolytic cell
without a separating membrane producing a single stream of slightly acidic EO (SAEO)
water with pH 4.5 to 6.5 (GOmez-Lopez and others 2007; Koide and others 2009,
Pangloli and others 2011) or near-neutral to neutral EO (NEO) water with pH 6-8
(Guentzel and others 2008; Huang and others 2008) respectively. In the other type of
generators, near-neutral to neutral EO (NEO) water is produced in a dual-chamber

system as is the case with EO water, however, part of the EO water formed at the anode
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is directed into the cathode chamber resulting in a near neutral pH solution also with
antimicrobial properties (Abadias and others 2008; Hricova and others; Huang and
others 2008). It shows less corrosiveness when compared with EO water and is also
relatively more stable since there is reduced chlorine loss at pH ranges between 6 and 9

(Ayebah and Hung 2005).

The stability of NEO water is attributed to a larger proportion of free chlorine
being in the form of hypochlorous acid (HOCI) in comparison to chlorine gas. Cui and
others (2009) were able to show that NEO water was able to maintain its free chlorine
concentration (FCC), ORP and bactericidal efficiency much better than acidic EO water
after a storage period of 30 days at 20°C under light and dark conditions. In the case of
acidic EO water, the FCC and ORP diminished by up to 100% and 22% respectively,
resulting in a loss in its ability to inactivate microbes. The near neutral pH also makes
NEO water even less corrosive to the skin and food equipment while at the same time
showing an equal or even higher effectiveness in the killing of microorganisms of
concern. NEO water is therefore a desirable option when selecting a sanitizer for the

safe treatment of fresh produce items.

Proposed antimicrobial activity mechanism of EO water

The antimicrobial effects provided by electrolyzed water have been attributed to
the free chlorine concentration, the pH and the ORP with various authors attributing the
bactericidal effects greatly to one of these properties and others suggesting a synergistic

effect of 2 or all 3 properties.
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Chlorine in electrolyzed water will exist in different forms such as chlorine gas,
hypochlorous acid (HOCI), hypochlorite ion (OCI') in different proportions depending on
the pH of the solution. At low pH, a lot more chlorine exists in the gaseous form
however HOCI is the dominant species in the pH range of 3-7, with hypochlorite ion
dominating at pH above 8 (Gordon and Tachiyashiki 1991; Deborde and von Gunten
2008). As pH rises within the 3-7 range, HOCI composition also increases, which is a
desirable feature for antimicrobial activity since HOCI is the most active chlorine species

against microorganisms (Huang and others 2008).

o
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Figure 2.2: The percentages of chlorine species in aqueous solution with respect to
changing pH (Adapted from Deborde and von Gunten 2008)

The proposed mechanism of cell inactivation by HOCI has been reported by several
authors and the general consensus is that HOCl is able to penetrate cell membranes and
produce hydroxyl radicals leading to the oxidation of metabolic activities within the cell
causing death (Hricova and others 2008). Other authors also suggest HOCI causes cell
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death through the decarboxylation of amino acids, disruption of protein synthesis,
reactions with nucleic acids, purines and pyrimidines and creation of chromosomal
aberrations (Marriott and Gravani 2006; Huang and others 2008). Low pH of EO water
has also been suggested to contribute to antimicrobial activity by preventing further
growth of microbes and sensitizing the external cell membranes of microorganisms for

the penetration of HOCI (McPherson 1993; Park and others 2004).

The effects of ORP have also been well studied and elucidated to determine how
it contributes to the efficacy of electrolyzed water. Aerobic bacteria grow at an ORP of
between 200 to 800 mV while anaerobic bacteria grow between -700 to +200 mV.
Exposure of microbial cells to the high ORP of EO water is suggested to cause a change
in cell electron flow resulting in ATP production and metabolic fluxes being modified
(Huang and others 2008). The ORP of a solution shows its oxidizing strength since ORP
depicts its tendency to reduce or oxidize organisms it comes into contact with. A high
ORP signifies greater oxidizing ability therefore the high ORP shows the ability of EO
water to cause cell damage and disruption through oxidation (McPherson 1993; Hricova
and others 2008). Some researchers suggest ORP as the main contributing factor in the
killing of microbial cells by electrolyzed water (Venkitanarayan and others 1999; Liao
and others 2009) while a significant proportion of scientists working with electrolyzed
water accept that all 3 properties (pH, chlorine and ORP) contribute in various

proportions to its sanitizing and disinfection ability (Al-Haq and others 2002).
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Electrolyzed water use in the food industry

The efficacy of electrolyzed water in reducing and inactivating various
microorganisms on foods, food contact surfaces and food processing equipment has
been extensively studied. These studies have been conducted at different pH and free
chlorine levels as well as under different conditions including temperatures and

treatment times.

Processing equipment, cutting surfaces and utensils

Venkitanarayan and others (1999) reported that immersing plastic cutting
boards inoculated with E. coli 0157:H7 and L. monocytogenes in EO water of different
temperatures reduced microbial populations by up to over 5 log CFU/cm?. EO water
with free chlorine concentration of 44 mg/L was also able to reduce L monocytogenes in
suspension and biofilms on stainless steel coupons by up to 6 logs after 30-60 s with
antimicrobial efficacy decreasing with increasing serum concentration but increasing
with increasing time of exposure (Ayebah and others 2006). Kim and others (2001) also
reported that EO water (56 mg/L chlorine; pH of 2.6) was equally effective in removing
L. monocytogenes populations on stainless steel surfaces as 200 mg/L chlorine solution.
64.1 mg/L free chlorine NEO water was able to reduce populations of Escherichia coli,
Pseudomonas aeruginosa, Staphylococcus aureus, and Listeria monocytogenes on plastic
and wooden kitchen cutting boards by 5 log CFU/cm? and 3 log CFU/cm? respectively
(Deza and others 2007). Increasing exposure time from 1 to 5 min led to 4 log CFU/cm?

on wooden cutting boards showing that exposure time can increase the effectiveness of
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EO water. Monnin and others (2012) also reported reductions in E. coli K12 and Listeria
innocua inoculated wooden cutting boards of up to 4 and 4.2 log CFU/100cm? after

automatic washing with NEO water (120 ppm free chlorine; pH of 7.05).

Poultry and meat

In a study conducted by Park and others (2002), EO water (50 ppm free chlorine)
was equally effective as chlorinated water in reducing Campylobacter jejuni on chicken
with reductions of up to 3 log CFU/g reported compared to 1 log CFU/g reductions after
deionized water wash (control). EO water was also able to inactivate the pathogens in
wash solutions making it useful in the prevention of cross contamination during
processing. In another study, EO water with different chlorine concentrations (16, 41
and 77 mg/L) was shown to reduce Listeria monocytogenes and Salmonella enteritidis
on egg shells with increasing free chlorine concentrations and treatment time (1 to 5
min) showing greater reductions. Washing sequentially with 1 min-alkaline EO water (ER
water) and 1 min-41 mg/L acidic EO water was also as effective as a 1-min 200 mg/L
chlorinated water wash showing that the combination of ER water and EO water washes
can achieve the same efficacy as chlorinated water with a higher chlorine concentration

( Park and others 2005).

Fabrizio and Cutter (2005) reported that reductions of Listeria monocytogenes
inoculated on frankfurters or ham surfaces were reduced greatest after 15 min dipping
acidic EO water treatment compared to ER water with all reductions being lower than 1

log CFU/g. NEO water (pH 6.5 and 150 mg/L available chlorine) sprayed on inoculated
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cattle hides was found to reduce S. Typhimurium DT 104 and E. coli 0157:H7 by 1.09

and 0.65 log CFU/cm? respectively (Jadeja and Hung 2014).

Fresh produce

Electrolyzed water in the form of acidic EO water, SAEO water and NEO water
has been used extensively in the treatment of fresh fruits and vegetables to varying

degrees of success in inactivating or reducing pathogens or microorganisms of concern.

Pangloli and Hung (2011) found that washing iceberg lettuce for 15 and 30 s with
running slightly acidic EO (SAEQ) water led to 1.4 to 2.3 log CFU/leaf reductions in E. coli
0157:H7 with increasing washing time from 15 to 30 s leading to higher reductions. A
subsequent chill in SAEO water for 15 min after the 15 sec wash increased reductions up
to 2.4 log CFU/leaf. In the same study conducted on tomatoes, E. coli O157:H7
reductions after 8 and 15 s washes with SAEO water were as high as between 5.4 to 7.6
log CFU/tomato. Reductions of up to 3 log CFU/leaf were observed when a 15 or 30 s
wash followed by 15 min chill of iceberg lettuce was treated with acidic EO water while
washing tomatoes with running acidic EO water also reduced E. coli 0157:H7 by 7.9 log
CFU/tomato (Pangloli and others 2009). Cabbage leaves and lemon E. coli 0157:H7
reductions were also 3.5 log CFU/lemon and 4.7 log CFU/lemon respectively. Yang and
others (2003) also reported reductions of 2, 2 and 2.1 log CFU/g in S. Typhimurium, E.
coli 0157:H7 and L. monocytogenes respectively after dipping treatment of lettuce with

NEO water (300 ppm free chlorine, pH of 7).
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Results for NEO water treatments of E. coli 0157:H7 on iceberg lettuce for 1 min
were equally as effective as treatments with acidic EO water observed by Koseki and
others (2003) by achieving less than or just about 1 log CFU/g reductions with the dip
method but spot inoculation of EO water on leaves led to reductions of approximately
4.6 and 4.4 log CFU/g for E. coli 0157:H7 and Salmonella. In a study comparing the
effectiveness of NEO water containing 50ppm of chlorine and chlorinated water at
120ppm in inactivating Salmonella spp., E. coli 0157:H7 and Listeria innocua on carrots,
fresh-cut lettuce endive and corn salad, it was found that both solutions were equally
effective (Abadias and others 2008). Deza and others (2003) also determined that
tomatoes that had been surface inoculated with Salmonella enteritidis, E. coli 0157:H7,
nonpathogenic E. coli and Listeria monocytogenes showed a 4 log reduction of the
pathogens after treatment in NEO water (89 mg/L free chlorine). Bari and others (2003)
also found that treatment with acidic EO water and 200 ppm chlorinated water led to
7.9 and 4.9 log CFU/tomato reductions in E. coli 0157:H7 respectively, and 7.5 and 4.7
log CFU/tomato reductions in Salmonella counts. Hung and others (2010) also reported
that dipping inoculated broccoli in chlorinated water or EO water with ultrasonication

for 1 or 5 min reduced E. coli 0157:H7 populations by 1.2 to 2.2 log CFU/g.

Effects of agitation/washing speed on efficacy EO water and antimicrobials

Studies with different sanitizers for the treatment of pathogen inoculated
surfaces have shown that agitation helps increase the effectiveness of the sanitizer in

guestion. It was reported that acidic EO water treatment with agitation led to greater

22



effectiveness of chlorine in removing attached microbial cells (Park and others 2002).
The authors suggested that this could be due to the ability of agitation to (a) remove
greater numbers of microbes into solution for inactivation promptly, (b) cause acidic EO
water to penetrate surface to kill cells that are not readily detached, (c) cause the acidic
EO water to be well-mixed allowing the chlorine to react with microbial cells and kill

more efficiently.

In the case of peroxyacetic acid treatment of cantaloupe rind and cup apples,
Wang and others (2007) reported that increasing the flow velocity and agitation rate of
peroxyacetic acid improved the rate at which E. coli 0157:H7 was being reduced on the
surfaces of fruits. The reason proffered by the authors was that increased agitation and
flow velocity led to increased shear forces thus resulting in greater amounts of attached
cells on surfaces being detached into wash solution for detachment. In a study by
Vijayakumar and Wolf-Hall (2002), agitation was shown to have increased the efficacy of
acetic acid in reducing E. coli 0157:H7 on the surface of iceberg lettuce by reducing the
time needed to achieve a 5-log CFU/g reduction to 5 min compared to 10 min when no
agitation was applied. In the treatment of alfalfa seeds and sprouts inoculated with
nalidixic-acid resistant E. coli 0157:H7, the use of mechanical agitation increased the
effectiveness of EO water (50 ppm, pH of 2.6, ORP 1150 mV) in reducing the test
pathogen (Sharma and others 2003). The introduction of agitation as well as an increase
in the flow rate or speed of EO water can help improve efficacy and result in the

observation of higher pathogen reductions.
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ULTRASONICATION IN FOOD PROCESSING

Sound waves are longitudinal pressure waves passing through a medium and
these waves can be categorized according to the frequency at which they are travelling
(Kentish and Ashokkkumar 2011). Based on the frequency in relation to human hearing,

sound waves can be grouped into three categories as shown in Fig 2.3.
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Figure 2.3: Categorization of sound waves based on frequency (Adapted from Kentish
and Ashokkumar 2011)

Sound waves below the detection of the human ear are categorized as infrasound, and
these waves occur at frequencies below 20 Hz. The range detected by human hearing
ranges from 20 Hz to approximately 20 kHz (Kentish and Ashokkumar 2011) or 16 Hz to
18 kHz (Mason 1998). The ultrasound range refers to frequencies above the human
hearing range (> 20 kHz) and can further be divided into two distinct groups: power and

diagnostic. Power ultrasound refers to low frequency, high power ultrasound and
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diagnostic ultrasound refers to high frequency, low power ultrasound. Diagnostic
ultrasound has many non-destructive applications in the medical and industrial imaging
fields while power ultrasound involves frequencies between 20 to 100 kHz and has been
shown to cause physical and chemical disruptions within the medium of its application
that can ultimately lead to microbial inactivation (Earnshaw 1998; Mason 1998; Knorr
and others 2004). The focus of this section is power ultrasound given its various uses in

food processing for microbial inactivation.

Ultrasound use has gained a lot of popularity in the food industry given its
perceived public or consumer reputation for being relatively safe, harmless and
environmentally friendly when compared to other non-thermal technologies such as
irradiation and microwaves (Kentish and Ashokkumar 2011). The non-thermal nature of
ultrasound application can also help in the case of food products that need to be kept
fresh as desired in fruits and vegetables since minimal sensory, nutritional and
functional damage is caused when ultrasonication is controlled (Bermudez-Aguirre and
Barbosa-Canovas 2011). Ultrasound application causes physical and chemical effects
within the medium (generally liquid) of application, and consequences of the conditions
created within the medium can be used in various food processing applications. Some of
the various uses of power ultrasound in food processing include the crystallization of
fats, extraction of flavorings, freezing, filtration and drying, mixing and homogenization,
meat tenderization, altering of enzyme activity, effluent treatment, microbial

inactivation and sterilization of equipment (Mason 1998).
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Power ultrasound equipment

Different types of ultrasonic equipment are used in the food industry however a
few basic components are universally present in all the different designs. All ultrasound
equipment consists of 3 basic parts: the electrical power generator, the transducer and
the emitter which transfers the generated ultrasound waves to the medium (Mason

1998).

The electrical generator converts energy from the mains or line power into high
frequency alternating current to power the transducer (Mason 1998). The generator
provides electrical current at a specific power rating and the power at which a generator
operates is normally adjusted or selected indirectly through voltage, current (Bermudez-

Aguirre and Barbosa-Canovas 2011) or amplitude settings.

The transducer, a device used for converting mechanical or electrical energy into
sound energy, converts the high frequency alternating current from the generator into
mechanical vibrations to generate the ultrasonic waves and there are various kinds of
transducers that can be used. Liquid-driven transducers use mechanical energy and are
liquid whistles where a liquid is forced across a thin blade causing blade to vibrate and
are normally used for mixing and homogenization purposes (Mason 1998).
Magnetostrictive transducers use magnetic energy and piezoelectric transducers, the
most common type in food equipment, converts electrical energy to sound waves. The

shape and dimensions of transducers are dependent on the frequency desired with
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lower frequency assemblies longer than higher frequency assemblies (Mason 1998;

Knorr and others 2004).

The emitter transfers the ultrasonic waves into the liquid medium and in some

instances also amplifies it. Two main forms of emitters are the bath and horn/probe

systems (Mason 1998). As shown in Fig. 2.4, the bath system contains one or more

transducers within a tank which holds the solution and transmits ultrasonic waves

generated by transducer(s) directly into the medium or solution (Mason 1998). In the

probe system, a probe or horn, is attached to the transducer and transmits and

amplifies the generated waves to the liquid medium containing the samples with the

horn or probe shape determining the gain in amplitude attained (Mason 1998). A

general schematic of the horn/probe system is shown in Fig. 2.5.
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Figure 2.4: Schematic diagram of ultrasonic bath system (Adapted from Mason 1998)
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Figure 2.5: Schematic diagram of ultrasonic probe system (Adapted from Mason 1998)
Physical and chemical effects of ultrasound (Cavitation)

Power ultrasonication of the liquid medium creates various physical and
chemical effects that arise as a consequence of cavitation. Cavitation study focuses on
the activity of bubbles created in the medium (Mason 1998; Piyasena and others 2003).
Cavitation refers to the formation, growth and collapse of bubbles or cavities when
ultrasonic waves are transmitted through a liquid medium and is believed to be the
primary cause of microbial cell stress and death (Scherba and others 1991; Earnshaw
1998). Some authors also consider cavitation to only consist of the bubble formation
process and the lowest acoustic pressure at which cavitation is observed is called the
Blake threshold (Pg) which is a function of vapor pressure of solution, solution surface

tension, system pressure and nanobubble radius (Leighton 1994).
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Two types of cavitation are observed in the liquid during ultrasonication, inertial
(transient) and non-inertial (stable), with bubble growth a common feature of both
types of cavitation (Bermudez-Aguirre and Barbosa-Canovas 2011). Stable cavitation
bubbles are non-linear equilibrium sized bubbles, forming large bubble clouds during
pressure cycles. The bubbles during this cavitation grow in size and dissolve or move
between smaller and larger sizes over several acoustic cycles (Mason 1998; Bermudez-
Aguirre and Barbosa-Canovas 2011; Kentish and Ashokkumar 2011; Bilek and Turantas
2013). Transient cavitation involves the rapid growth and collapse of the bubbles
created. After the collapse of bubbles, they may fragment into several smaller bubbles
that in turn also undergo several collapses (Mason 1998; Bermudez-Aguirre and
Barbosa-Canovas 2011; Kentish and Ashokkumar 2011). The violent and repetitive
collapse of the bubbles results in the generation of high temperature (>5000 K) and
pressure localized hot spots within the medium that causes chemical changes within the
medium which eventually can result in microbial death when used for such applications
(Ashokkumar and Mason 2007). Bubble collapse creates shock waves that have been
proposed to be strong enough to shear and break microbial cell wall and membrane
(Fellows 2000; Bilek and Turantas 2013). The growth in bubble size during stable
cavitation leads to the creation of currents known as microstreaming and it is suggested
to provide a force that causes abrasion and breakdown of cell wall and membrane
structures (Hughes and Nyborg 1962; Scherba and others 1991; Earnshaw 1998). During
transient cavitation, the cyclical collapse of bubbles resulting in localized high

temperature and pressure bombards the membranes of the cell and can lead to
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detachment and cell wall damage, while the change in pressure can affect the
surroundings or environment of the microbial cell leading to disruption and leakage
(Scherba and others 1991; Earnshaw 1998). Finally, collapsing bubbles at high
temperatures causes sonolysis resulting in the release of free radicals that also
contribute to cell inactivation. Hydroxyl radicals as well as hydrogen peroxide are
created in the solution and these species have bactericidal effects on cells (Lee and Feng
2011). Ultrasonic waves cause DNA within cells to fragmentize and the free radicals
formed and the other generated species target the fragments of DNA in the microbial

cell, disrupting the chemical environment leading to cell death (Earnshaw 1998).

Ultrasound use in combination with sanitizers

Hurdle technology refers to the combination of preservation techniques to cause
a series of inhibitory factors that will prevent microorganisms present within the food
system from growing or surviving (Leistner and Gorris 1995). This concept has been
applied in the ultrasonication of foods to increase microbial inactivation effectiveness
with several combinations including high temperature (thermosonication), high
pressure (manosonication), high pressure and temperature (thermomanosonication) as
well as sanitizers being used (Piyasena and others 2003; Knorr and others 2004; Ugarte-

Romero and others; Lee and others 2009).

Recently in the fruit and vegetable industry, ultrasonication has been studied as
a tool to help improve the efficacy of various sanitizers used for washing including

electrolyzed water. Various studies have looked at the removal or reduction of
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pathogens on produce items and surfaces when sanitizers and ultrasonication have
been combined with ultrasound use in most instances improving sanitizer efficacy.
Seymour and others (2002) found that iceberg lettuce treated with ultrasound only for
10 min at 10 W/L and frequencies of 32-40 kHz reduced initial Salmonella Typhimurium
populations by up to 1.5 log CFU/g however when ultrasound was combined with 25
ppm chlorinated water the reductions improved by up to 2.7 log CFU/g. Red bell
peppers subjected to 120 W-35 kHz ultrasonication only treatments at 15°C yielded a
1.98 reduction in initial L. innocua populations (Alexandre 2013). Huang and others
(2006) reported that romaine lettuce treated with 170 kHz ultrasound and chlorine
dioxide for 3, 6 and 10 min reduced Salmonella Typhimurium and E. coli 0157:H7 by up
to 4.2 and 3.8 log CFU/g respectively. In the case of cherry tomatoes, 10 min, 45 kHz
ultrasound treatment reduced S. Typhimurium by 0.8 log CFU/g, however when
combined with 40 mg/L peroxyacetic acid, reductions increased by over 3 log to 3.9 log
CFU/g (Sao Jose and Vanneti 2012). Salmonella Typhimurium and E. coli 0157:H7 on
lettuce were reduced by 3.2 and 2.7 log CFU/g respectively after 30 W/L and 40 kHz
ultrasound and 2% organic acids (lactic, malic and citric acids) treatment for 5 min

(Sagong and others 2011).

Ultrasound use with EO water

Ultrasound with acidic EO water (80 mg/L free chlorine) resulted in reductions of
3.1 log CFU/g of E. coli 0157:H7 when compared to 2.2 log CFU/g reductions after acidic

EO water treatments (Zhou and others 2009). E. coli 0157:H7 on brocolli was also
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reduced by up to 2 log CFU/g after 5 min acidic EO water treatment and 30 W/L -37 kHz
ultrasonication with acidic EO water of 100 mg/L free chlorine treatments being more
effective than acidic EO water 55 mg/L free chlorine (Hung and others 2010). The use of
ultrasound with NEO water can therefore be a useful tool for enhancing the efficacy of

NEO water in reducing pathogens on fruits and vegetables.
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CHAPTER 3

EFFICACY OF NEUTRAL ELECTROLYZED WATER IN REDUCING Escherichia coli 0157:H7

AND Salmonella TYPHIMURIUM DT 104 ON FRESH PRODUCE ITEMS USING MODIFIED

WASHING PROCEDURES AND SIMULATED FOOD SERVICE CONDITIONS.
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Abstract

The objective of this study was to determine the efficacy of neutral electrolyzed (NEO)
water (155 mg/L free chlorine, pH 7.5) in reducing Escherichia coli 0157:H7 and
Salmonella Typhimurium DT 104 on romaine lettuce, iceberg lettuce and tomatoes
washed in a modified, automated salad washer for different times and washing speeds.
Tomatoes and lettuce leaves were spot inoculated with 100 pL of a 5 strain cocktail
mixture of either pathogen and washed with 10 or 8 L of NEO water respectively.
Washing lettuce for 30 min at 65 rpm led to the greatest reductions, with 4.2 and 5.9 log
unit reductions achieved for E. coli 0157:H7 and S. Typhimurium respectively on
romaine, while iceberg lettuce reductions were 3.2 and 4.6 log units for E. coli 0157:H7
and S. Typhimurium respectively. Washing tomatoes for 10 min at 65 rpm achieved
reductions greater than 8 and 6 log units on S. Typhimurium and E. coli 0157:H7
respectively. All pathogens were completely inactivated in NEO water wash solutions.
Further increase of washing speed, agitation (changing spinner direction every 15 s) and
reduction of NEO water pH (6.5) resulted in reductions of 5.2 log units of E. coli 0157:H7
on romaine lettuce and 4.1 and 5.2 log units of E. coli 0157:H7 and S. Typhimurium
respectively on iceberg lettuce after 30 min. Results show the incorporation of this
procedure in food service operations for the washing of lettuce and tomatoes could be

useful in ensuring produce safety.

Keywords: Neutral electrolyzed water; lettuce; tomatoes; salad washer; agitation
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Introduction

Fresh fruit and vegetable consumption has been increasing significantly over recent
years due to the various nutritional and health benefits that have been determined to
be derived from their consumption. This trend however has coincided with an increasing
number of foodborne illnesses and outbreaks in the United States as well as
internationally leading to the need to develop means of tackling this worrying problem
which can have detrimental effects on the health of consumers. According to the CDC, in
2009-2010, 1,527 foodborne diseases were recorded to have occurred, resulting in
29,444 illnesses, 1,184 hospitalizations and 23 reported deaths. Of these cases,
Salmonella spp. and Shiga-toxin Escherichia coli accounted for the most outbreak-
related hospitalizations with Salmonella spp. causing 49% of hospitalizations and 5
deaths and Escherichia coli 0157:H7 directly implicated in 16% of hospitalizations and 3
deaths (Gould and others 2013). Finally, it was determined that 48% of cases were

caused by food consumed in a restaurant or food service operation (CDC 2013).

Studies have shown that fruits and vegetables ready for use can harbor varying
degrees of foodborne pathogens including Salmonella spp., E. coli 0157:H7, Listeria
monocytogenes and Campylobater spp. (Beuchat 1996) and the determination that vast
amounts of these outbreaks are caused by foods consumed at food service operations
shows the necessity in incorporating antimicrobial treatments which are safe and do not
pose health risks into the preparation of fresh produce before consumption. In most

food service operations, fresh produce obtained is normally washed with running tap-
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water and even though this may remove soil and debris, its effects on reducing or
inactivating pathogenic microbes that occur between 3-9 log CFU/g is very restricted
(Koseki and others 2001). Food service establishments commonly use chlorine based
chemicals as their main sanitizer (Monnin and others 2012) however these sanitizers
such as chlorinated water, can lead to the formation of carcinogenic compounds when it

reacts with organic matter and the corrosion of equipment (Fawell 2000).

Electrolyzed water, a modern antimicrobial treatment used in the fields of
agriculture, dentistry, medicine and the food industry can be used as a viable alternative
when sanitizing fresh produce items. It is produced by the electrolysis of dilute salt
solution (NaCl) through an electrolytic cell, with the anode and cathode separated by a
membrane leading to the production of electrolyzed oxidizing (EO) water and
electrolyzed reducing (ER) water. The EO water exhibits antimicrobial properties due to
its low pH (2.3-2.7), high ORP (>1000 mV) and free chlorine with hypochlorous acid
(HOCI) being the most active species (Huang and others 2008). EO water or acidic
electrolyzed water has been shown to be lethal to many foodborne pathogens including
Salmonella and E. coli 0157:H7 found on lettuce (Koseki and others 2004; Park and
others 2001), tomatoes, lemons and cabbage leaves (Pangloli and others 2009) as well
as other produce items. Even though EO water is very useful, it also loses its
antimicrobial activity relatively quickly due to 10 to 15% of the chlorine being in the
form of chlorine gas at low pH levels (Len and others 2000). Near-neutral to neutral EO
(NEO) water is generated by the electrolysis of NaCl solution in a sole-chamber system

(without a separating membrane) or in a dual-chamber system as is the case with acidic
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electrolyzed water however, part of the EO water formed at the anode is directed into
the cathode chamber resulting in a near neutral pH solution also with antimicrobial
properties (Abadias and others 2008). It shows less corrosiveness when compared with
EO water and is also relatively more stable since there is reduced chlorine loss at pH
ranges between 6 and 9 (Ayebah and Hung 2005). NEO water has also been shown to be
effective in reducing and inactivating pathogens on fresh produce items. In a study
comparing the effectiveness of NEO water containing 50ppm of free chlorine and
chlorinated water at 120ppm free chlorine in inactivating Salmonella spp., E. coli
0157:H7 and Listeria innocua on carrots, fresh-cut lettuce endive and corn salad, it was
found that both solutions were equally effective (Abadias and others 2008). Deza and
others (2003) also determined that tomatoes that had been surface inoculated with
Salmonella enteritidis, E. coli 0157:H7, nonpathogenic E. coli and Listeria monocytogenes
showed a 4 log reduction of the pathogens after treatment in NEO water. Treatment of
lettuce by dipping in NEO water also reduced E. coli O157:H7 and Salmonella
Typhimurium inoculated on leaf surfaces by 2.1 and 2.0 log CFU/g (Yang and others

2003).

In some food service establishments, a salad washer is used in the washing and
rinsing steps as well as for removal of excess water from some produce items including
lettuce and cabbage. This step could be modified to include an antimicrobial wash-step
and due to the agitation provided by the continuous turning of the produce items in the
washer, an efficient inactivation step could be introduced for all produce items. Wang

and others (2007) were able to establish that increasing flow velocity and agitation rate
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led to increased reduction of E. coli 0157:H7 on fruit surfaces when treated with
peroxyacetic acid therefore using NEO water in a salad spinner can be used to test how
washing speed affects the efficacy of NEO water in reducing or inactivating pathogens
on lettuce and tomato surfaces. The objective of this study was to determine the effects
of treatment time and washing—speed on the reductions of Escherichia coli 0157:H7 and
Salmonella Typhimurium DT 104 on different produce items using NEO water and a

modified, automated salad washer.

Materials and Methods

Inoculum preparation

10 strains (5 for each pathogen) of nalidixic acid-adapted E. coli 0157:H7
and S. Typhimurium DT 104 were used in this study. The five nalidixic acid-adapted E.
coli 0157:H7 strains used were 1 (Beef isolate), 5 (human isolate), 932 (human isolate),
EO09 (Beef isolate) and EO0122 (cattle isolate); and the five strains
of Salmonella Typhimurium DT104 were H2662 (cattle isolate), 11942A (cattle isolate),
13068A (cattle isolate), 152N17-1 (dairy isolate) and H3279 (human isolate). All strains
were activated from frozen stock cultures by transferring loopful culture into 10 ml
tryptic soy broth (TSB; Difco, Becton Dickinson, Sparks, MD) supplemented with 50 mg/L
nalidixic acid for E. coli 0157:H7 (TSBN) or TSB for Salmonella Typhimurium DT104
and. Cultures were grown individually in TSBN or TSB for 24h at37°C and then
sedimented by centrifugation at 3000 x g and 20°C for 15 min. The supernatant was

then discarded and cells resuspended in phosphate buffered saline (PBS, pH-7). Two
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different five strain mixtures were prepared by mixing 2 ml of individual strains of either
pathogen. Bacterial populations of each mixture were then verified by plating 0.1 ml of
the appropriate dilution on tryptic soy agar supplemented with 50 mg/L nalidixic acid
(TSAN) for E. coli 0157:H7 or on tryptic soy agar (TSA) for S. Typhimurium DT 104 and
incubated at 37°C for 24 h. The use of nalidixic acid was to enable inhibition of the
microflora naturally present on produce samples and to allow for selective isolation and

enumeration of inoculated pathogens.

Preparation and Inoculation of Produce Items

Romaine lettuce (Lactuca sativa L. var. longifolia), iceberg lettuce (Lactuca sativa L.) and
round red tomatoes (Lycopersicum esculentum Mill) were obtained from a local
restaurant, and stored at 4°C and used within 24 hours. The outer two or three
damaged leaves of lettuce were discarded, with the next 3-4 leaves collected and placed
with the abaxial side facing up on sanitized trays. Each whole leaf was spot inoculated
with 100 pl (10 drops) of E. coli 0157:H7 or S. Typhimurium DT104 five strain mixtures
using a micropipettor. Approximately 400g of leaves (16 whole leaves) were inoculated
for each time-washing speed treatment. For tomatoes, uniform sizes of red round
tomatoes without damage or bruises were selected. Ten to twelve red round tomatoes
were selected for each time-washing speed treatment, with the tomatoes weighing
approximately 1kg (80-100g for each tomato) were each placed stem end down on
sanitized trays and spot inoculated with 100 pl of either E. coli O157:H7 or S.

Typhimurium DT104 five strain mixture cell per fruit. The inoculated produce was then
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allowed to dry under a laminar flow hood for 2 h to allow for attachment of pathogens.
Trays with the air-dried inoculated produce items were covered with aluminum foil and
placed in a 4°C cool room for 24 h to simulate produce handling practices in some
restaurants and food service kitchens. Initial pathogen populations present on leaves

and tomatoes were determined after the storage period.

Preparation of Neutral Electrolyzed water

NEO water was generated by electrolyzing a dilute NaCl solution (ca. 10%) using a
GenEon™ Instaflow generator (GenEon Technologies, San Antonio, Tx., U.S.A) operating
at about 11 V to obtain NEW with free chlorine concentration of approximately 155
mg/L or at about 13 V to obtain NEW with free chlorine concentration of 200 mg/L. The
production capacity of the generator is approximately 3.0 L/min, and at a voltage above
17 V the generator shuts down as a result of manufacturer’s setting. The NEO water
was then collected in screw-cap containers and stored at 4°C before use. NEO water
generated at a pH and free chlorine concentration above desired value was adjusted
through the addition of drops of 1N HCI (Waters and others 2014) and dilution with
deionized water respectively. The ORP and pH of NEO water were measured using a
dual-channel ACCUMET meter (model AR 50, Fisher Scientific, Pittsburgh, Pa., U.S.A.).
The DPD-FEAS titrimetric method (Hach Co., Loveland, Colo., U.S.A.) was used in the
determination of free chlorine concentrations. Deionized water was also collected and

chilled at 4 °C before use.
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Salad washer

A Dynamic™ salad dryer (Model E20SC E004, Kitchen Equipment Australia, Thomaston,
Australia) was obtained for this study. The DynamicT'\’I E20SC salad washer has a capacity
of 20 L of water or wash solution, diameter of 43 cm and height of 50 cm. The salad
spinner was modified by attaching it to a Dayton electric gear motor system (Model
42726A, Dayton Electric Mfg. Co., Niles, IL, USA) to enable automated rotation when in
operation. The speed at which the spinner moves is determined using the dial (readings
of 1 to 10) on the Dayton gear motor system. For this study, dial was set to 2 and 4
corresponding to spinner speeds of 40 and 65 rpm. For the second set of analysis
conducted, the gear motor dial was set to 7 to enable salad spinner rotate at a rate of

100 rpm. The automated salad washer apparatus is shown in Fig. 3.1.

Procedure for washing produce items

A 3-step washing protocol was used for lettuce. First, whole leaves were rinsed under
deionized water (control) or NEO water containing 155 mg/L free chlorine for 3 s/leaf.
400g of leaves were then submerged in either 1:20 w/v (8L) chilled deionized sterilized
water (control) or NEO water (155 mg/L available chlorine) in the automated salad
washer for various lengths of time (1, 5, 10, 15 or 30 min) with varying levels of washing

speed (40 and 65 rpm).

At the end of designated wash period, treatment solution was completely
drained and replaced with fresh chilled NEO water or deionized water and washed for
an additional 30 seconds. Drained wash solution from the designated wash period was
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collected for microbiological analysis. After draining and spinning to remove excess
water, washed leaves were chopped using the EasylLettuceKutter lettuce chopper
(Model 55650-2, Nemco Food Equipment, Hicksville, OH, USA) and three different 50g
samples of chopped leaves were combined with 200 ml of Dey-Engley (DE) neutralizing
broth (Difco) in 1.5 L Whirl-Pak bags, whereas 25 ml of wash solution was added to 25

ml of double strength DE for microbiological analysis.

For tomatoes, a 2-step washing protocol was employed. Tomatoes were rinsed by
rubbing the entire surface with gloved hands under running wash water (NEO water or
deionized water) for 3 s/tomato. After rinsing, tomatoes were submerged in either 1:10
w/v (10L) chilled deionized sterilized water (control) or NEO water (155 mg/L available
chlorine) (4°C) in the automated salad washer for various lengths of time (1, 5 and 10
mins) with varying washing speed levels (40 and 65 rpm). At the end of designated wash
period, treatment solution was completely drained. After treatment, three tomatoes
were selected and individually placed in different 1.5 liter Whirl-Pak bags containing 50
ml DE broth and 25 ml of treatment solution were collected separately and combined

with 25 ml of double strength DE broth for microbiological analysis.

For the second set of analysis of produce items in which a 5 log reduction was not
obtained, the same 3-step washing procedure as outlined for lettuce processing was
followed however; the automated salad washer apparatus was operating at 100 rpm for
all the treatments. In the treatments with a change of direction stipulated, the direction

in which the salad washer was moving was changed manually every 15 seconds by the
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direction knob on the gear system attached to the washer to create further agitation as
the treatment procedure was ongoing. Finally, one of the sets of treatments had the 3"

step of the washing sequence (30 s wash) replaced by a further 15 min wash instead.
Microbiological analysis

The Whirl-Pak bags containing lettuce samples and DE broth were pummeled in a
stomacher (Stomacher® 80) for 2 min at 260 rpm speed while tomatoes in Whirl-Pak
bags with DE broth were hand rubbed for 2 min. Wash solutions collected were also
pummeled for 1 min at 260 rpm in the stomacher. The DE broths were then serially
diluted in PBS and plated (in duplicates, 100 ul) on sorbitol MacConkey agar
supplemented with 50 pg/ml nalidixic acid and 0.1% sodium pyruvate (SMACNP) for E.
coli 0157:H7 and XLD agar supplemented with 0.1% sodium pyruvate, 32 mg/ml
ampicillin, 16 mg/ml tetracycline, and 64 mg/ml streptomycin for S. Typhimurium DT
104 (XLDASTP) (Jadeja and Hung 2014). After plating, plates were incubated at 37 °C for
24h and counted afterwards using a colony counter (aColyte 7510/SYN, Microbiology

Intl., Frederick, MD., USA).

To detect the presence of low numbers of pathogens that would not be detected by
direct plating, 250 ml of double strength modified TSB supplemented with 50 mg/L
nalidixic acid and 0.1% sodium pyruvate (dmTSBNP) was added to each stomacher bag
containing romaine lettuce with 200 ml of DE broth. For low numbers of S.
Typhimurium DT 104 enrichment, 250 ml of double strength lactose broth

supplemented with 0.1% sodium pyruvate, 32 mg/ml ampicillin, 16 mg/ml tetracycline,
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and 64 mg/ml streptomycin (LBASTP) was used for enrichment. All enrichments were
incubated at 37°C for 24 h. If direct plating did not yield any colonies, incubated
enrichment broth was streaked onto SMACNP or XLDASTP plates and incubated at 37°C
for 24 h. At the end of the incubation period, plates were examined for the presence of
presumptive colonies of either E. coli 0157:H7 (colorless) or S. Typhimurium DT 104
(black). Five presumptive-positive colonies were randomly selected from SMACNP and
XLDASTP plates with the appropriate dilution and subjected to biochemical tests (API

20E assay, bioMe’reux, Hazelwood, MO, USA) and latex agglutination assay (Oxoid, UK).

Statistical analysis

Experiments were replicated on twice with each duplicate consisting of 3 different
samples for each treatment. Microbial counts were expressed as log CFU/ml (wash
solutions), log CFU/g (lettuce) and log CFU/fruit (tomato). Reported values of plate
counts are the mean values of six samples + standard deviations for treated produce
samples and four samples + standard deviations for wash solutions. Data were
subjected to analysis of variance with a completely randomized factorial design. These
analyses were performed with the SAS software release 9.2 (SAS Institute, Cary, NC,
USA). The Tukey HSD method was used for multiple comparisons of means with the

level of significance at 0.05.
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Results and Discussion

NEO Water properties

The properties of the NEO water produced and adjusted using 1N HCl were as follows.
The pH of the NEO water was 7.52+0.08, the ORP was 760£19 mV and the free chlorine
concentration at 155+3 mg/L. For the adjusted treatments later conducted, the
properties of the NEO water were at pH of 6.5+0.34, ORP of 846.8432 mV and free
chlorine concentration of 155+3 mg/L and 200+2.5 mg/L (produced by the GenEon

Instaflow Unit at 10-11V and 12-13V respectively).

Lettuce

Treatment time and washing speed were both significant factors (p<0.05) in
determining the reductions of initial populations on all lettuce leaves treated with NEO
water. In the case of deionized water, different washing speeds did lead to increased
reductions but these differences were not significant (p<0.05) at the same treatment

time for any of the two pathogens tested.

Romaine lettuce

The reductions of Salmonella Typhimurium DT 104 inoculated on romaine lettuce after
treatment with NEO water were always greater when compared to reductions on
iceberg lettuce as well as reductions of E. coli 0157:H7 on either iceberg or romaine
lettuce samples studied. Reductions between 2.0 to 5.85 log units (Table 3.1) were

achieved in the case of S. Typhimurium DT 104 when treated between the ranges of 1 to
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30 min. For deionized water treatments (Table 3.2) reductions between 1.64 and 3.01
log units were observed. The differences in reductions observed for 1 min treatments at
comparable speeds for deionized water (1.64 and 1.95 log units) were when compared
to those for NEO water (2.0 and 2.25 log units) were far less greater than for treatments
of 5 min and above. For treatments of periods of 5 min and higher a minimum of 1 log
unit further increases were observed in the case of NEO water when compared to
deionized water with the greatest difference (2.84 log units) detected after 30 min
treatment at 65 rpm. Significant differences (p<0.05) between the reductions of S.
Typhimurium DT 104 after the same period of NEO water treatment was for treatments
above 5 min. 5 log reductions were obtained for 10, 15 and 30 min treatments at 65
rom washing speed and the highest reduction in the initial population of romaine
lettuce leaves inoculated was after NEO water treatment for 30 minutes at a washing
speed of 65 rpm (5.85 log units). Of all the leafy greens tested, only the NEO water
treatment of romaine lettuce inoculated with S. Typhimurium DT 104 was able to lead

to reductions above 5 log units.

For E. coli O157:H7 inoculated on romaine lettuce, NEO water treatment
reductions ranged from 1.22 to 4.16 log units (Table 3.3) while those for deionized
water were between 0.87 to 2.41 log units (Table 3.4). The observed trends in the data
were similar for those in S. Typhimurium DT 104 tests, with increasing time and washing
speed leading to significantly greater reductions (p<0.05). The highest reduction in the
initial population of romaine lettuce leaves inoculated with E. coli O157:H7 was after

treatment for 30 minutes at a washing speed of 65 rpm (4.16 log unit reductions). At 40
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rpm and identical time, a mean reduction of 3.46 log units was observed. After 15
minutes of treatment, reductions ranging from 3.07 to 3.42 log units were observed
while the initial population decreased by 2.52 and 3.01 log units after 10 minutes of
treatment for both speeds. Differences in reductions observed after 1 minute
treatments for NEO water and deionized water treatments were less greater (0.25 to
0.35 log units) however, as was the case with S. Typhimurium DT 104, NEO water
treatment reductions were always at least 1 log unit higher than comparable reductions
in deionized water treatments for treatments at or above 5 min with the greatest
difference of 1.75 log units being observed between both treatments for 30 min at 65

rpm.

In the case of wash solutions analyzed after wash procedure, neither one of the
two pathogens were detected through direct plating or enrichment in the case of NEO
water suggesting that its use in food service operations or restaurants can lead to the
prevention of cross contamination among different leaves being treated at a point in
time. In the case of deionized water treatments, bacterial populations ranging from 1.83
to 5.14 log CFU/ml and 2.4 to 6.16 log CFU/m| were recovered for Salmonella
Typhimurium DT 104 and E. coli 0157:H7 respectively signifying its susceptibility to cross

contamination when used for washing.

Iceberg lettuce

As observed for romaine lettuce, reductions of Salmonella Typhimurium DT 104

inoculated on iceberg lettuce leaf surfaces were generally greater than E. coli 0157:H7
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reductions for each comparable time-washing speed treatment combination. The range
of Salmonella Typhimurium DT 104 reductions for NEO water treatment were from 1.84
to 4.63 log units (Table 3.5) with the highest reduction after treatment for 30 min at 65
rom. At every treatment time, the higher washing speed (65 rpm) always led to a
significantly higher reduction (p<0.05) in the initial recovered population on leaves
when compared to the lower washing speed (40 rpm). Reductions above 4 log units
were only observed for 15 and 30 min treatments at 65 rpm. Deionized water
treatments showed significantly lower reductions of Salmonella Typhimurium DT 104
than NEO water treatments under identical conditions (Table 3.6) with washing speed

not having a significant effect (p<0.05) on reductions for treatments at the same time.

For E. coli 0157:H7, reductions between 0.95 and 3.16 log units were observed
after iceberg lettuce treatments with NEO water (Table 3.7) while deionized water
treatment reductions ranged from 0.54 to 1.77 log units (Table 3.8). Reductions for
these treatments were generally the lowest observed when compared to treatments of
all other produce items conducted in this study with only the 30 min NEO water
treatment in the salad washer at 65 rpm showing a reduction above 3 log units. Also, a
significant difference in reductions(p<0.05) between washing speeds at the same
treatment time was observed after only 30 min of treatment (3.16 log units for 65 rpm
and 2.38 log units for 40 rpm). Reductions of NEO water treatments for 10 min at 65
rpm and 15 min and above were always at least 1 log units greater than deionized water
treatments and washing speed did not have a significant effect on deionized water

treatments (p<0.05). Both pathogens were completely inactivated in NEO water wash
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solutions recovered after treatments even after enrichment making it an appropriate
solution to help prevent cross contamination between leaves. The 2 pathogens tested
were always recovered in the deionized water wash solutions after treatment, with the
populations ranging from 2.76 to 4.92 log CFU/ml for Salmonella Typhimurium DT 104

and 3.22 to 4.75 log CFU/ml for E. coli 0157:H7.

Several studies have shown the efficacy of electrolyzed water in reducing
pathogenic microbes on lettuce. Pangloli and Hung (2011) found that washing iceberg
lettuce for 15 and 30 s with running slightly acidic EO (SAEO) water resulted in 1.4 to 2.3
log CFU/leaf reductions in E. coli 0157:H7 with increased time leading to higher
reductions as was the case in this study. A subsequent chill in SAEO water for 15 min
after the 15 sec wash increased reductions by up to 2.4 log CFU/leaf and similarly,
reductions of up to 3 log CFU/leaf were observed when a 15 or 30 s wash followed by 15
min chill of iceberg lettuce was treated with Acidic EO water (Pangloli and others 2009).
Both studies had lower pH values and free chlorine concentrations when compared to
this study, however as was the case in this study, reductions in initial populations all
exceeded at least 2 log magnitudes. Also, results for NEO water treatments of E. coli
0157:H7 on iceberg lettuce for 1 min were consistent with acidic EO water treatments
observed by Koseki and others (2003) in achieving less than or just about 1 log CFU/g
reductions with the dip method but spot inoculation of EO water on leaves led to
reductions of approximately 4.6 and 4.4 log CFU/g for E. coli 0157:H7 and Salmonella.
Observations similar to those made by Keskinen and others (2009) were made with

reductions of E. coli 0157:H7 in the case of romaine lettuce being slightly higher than
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reductions for iceberg lettuce after treatment with acidic EO water for 2 min. Dip NEO
water treatments of lettuce for 1 to 3 min also resulted in 1.3 to 1.7 log CFU/g and 1.0
to 1.8 log CFU/g reductions in Salmonella and E. coli 0157:H7 respectively. 300 ppm
NEO water (pH 7, 30° C) treatment of iceberg lettuce for 5 min reduced both S.

Typhimurium and E. coli 0157:H7 by 2 log CFU/g (Yang and others 2003).

The results from the use of the salad washer for washing lettuce leaves shows
greater reductions in the instance of S. Typhimurium than E. coli 0157:H7 and this may
be attributed to the constant agitation provided by the motion of the automated
washer during treatment and the sites of attachment on lettuce by both pathogens. It
was shown that E. coli 0157:H7 attached more favorably to damaged tissues of cut
edges of lettuce leaves than intact surfaces while S. Typhimurium attaches similarly to
both intact surfaces and damaged cut edges of lettuce leaves (Takeuchi and Frank 2000;
Takeuchi and others 2000). With cells attached to damaged tissues being more likely to
penetrate leaves and more difficult to come in contact with NEO water than cells on
intact surfaces, this may be the reason for the differences in reductions observed for
both pathogens. Increased washing speed or agitation also reduced significantly greater
populations of microorganisms (p<0.05) on lettuce leaves, with similar observations
reported in other studies of produce wash with other sanitizers as well. Wang and
others (2007) reported that increasing the flow velocity and agitation rate of
peroxyacetic acid treatment of cantaloupe rind and cup apples improved the rate at
which E. coli 0157:H7 was being reduced on surfaces. It was also shown that agitation

increased the efficacy of acetic acid to reduce E. coli 0157:H7 on the surface of iceberg
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lettuce by reducing the time needed to achieve a 5-log CFU/g reduction from 10 min
without agitation to 5 min when agitated (Vijayakumar and Wolf-Hall 2002). The
increased reduction observed in our current study may be due to the increased shear
forces as a consequence of increased flow or washing speed (Wang and others 2007)
thus resulting in greater amounts of attached cells on surfaces being detached into NEO
water which inactivates the pathogens thus preventing re-attachment. Agitation also
enhances the ability of NEO water to penetrate the surfaces of lettuce to reach S.
Typhimurium or E. coli 0157:H7 cells that may not have been readily accessible (Park
and others 2002). Increased contact time and washing speed of salad washer generally

helped improve NEO water efficiency in treating lettuce samples.

Tomatoes

For tomatoes only 3 treatment periods were tested (1, 5 and 10 min) while a 2 step
wash was also used instead. NEO water was very efficient in removing Salmonella
Typhimurium DT 104 cells on tomato surfaces irrespective of the time of treatment and
washing speed with NEO water being significantly more effective than deionized water
(p<0.05). 1 min of EO water treatment resulted in reductions greater than 6 log units for
both washing speeds with reductions as great as 8 log units observed after 5 minute
treatment at 65 rpm speed (Table 3.9). A 10 min treatment led to complete inactivation
of the inoculated 8.46 log CFU/g Salmonella Typhimurium DT 104 cells. Deionized water
treatments of inoculated tomatoes also resulted in high reductions of up to 5.7 log units

after 5 min and 6.24 log units after 10 min. As was the case with romaine lettuce,
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Salmonella Typhimurium DT 104 was completely inactivated in all EO water wash
solutions even after enrichment. Salmonella Typhimurium DT 104 was always detected
in deionized water wash solutions analyzed with populations of up to 1.92 log CFU/ml
detected after 1 min treatment and the pathogen being detected in all wash solution

samples after enrichment (detection limit 0.3 log CFU/ml).

Reductions for E. coli 0157:H7 on tomato surfaces were generally lower than
reductions observed for Salmonella Typhimurium DT 104 after both NEO water and
deionized water treatments with increasing time leading to significantly greater
reductions (p<0.05). 1 min of treatment resulted in reductions greater than 3 log units
for both washing speeds with the highest reductions (6.8 log units) observed after the
10 minute treatment with NEO water at 65 rpm speed which was significantly greater
than the 40 rpm treatment at that same time and for all other treatments (Table 3.10).
Deionized water treatments of inoculated tomatoes also led to reductions between
1.65-3.5 log units after for 1 min and 10 min treatments respectively. As was the case
with Salmonella Typhimurium DT 104, E. coli 0157:H7 was completely inactivated in all
NEO water wash solutions even after enrichment. For deionized water wash solutions
analyzed after treatment, up to 3.9 log CFU/ml of E. coli 0157:H7 was recovered after
the 1 min treatment. After 5 and 10 minutes of treatment, the pathogen was detected

after enrichment in each of the four samples.

Tomato results were comparable with other reported findings from other

studies. E. coli 0157:H7 reductions after 8 and 15 s washes with SAEO water were as
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high as between 5.4 to 7.6 log CFU/tomato (Pangloli and Hung 2011). Washing with
running acidic EO water also reduced E. coli 0157:H7 by 7.9 log CFU/tomato (Pangloli
and others 2009) and both E. coli 0157:H7 and Salmonella by up to 7.7 log CFU/g. In the
case of NEO water (89 mg/L active chlorine, pH 8), reductions of up to 4.92 log CFU/cm?’
and 4.3 log CFU/cm® after 60 s of immersion for E. coli 0157:H7 and Salmonella
enteritidis were observed (Deza and others 2003). For the same time periods, reductions
for all pathogens on tomato surfaces were always higher than those observed on lettuce
surfaces and this may be attributed to the differences in the nature of their surfaces
with tomatoes having a relatively smoother surface when compared to lettuce leaves,
which have folds and crevices that bacterial cells can adhere to thus prevent inactivation

by sanitizing solution (Takeuchi and others 2000).
Preliminary results for adjusted treatments for E. coli 0157:H7 on Romaine lettuce

Further studies were conducted in the cases of iceberg lettuce inoculated individually
with either Salmonella Typhimurium DT 104 and E. coli O157:H7 and romaine lettuce
inoculated with E. coli 0157:H7 to ascertain if a 5 log CFU/g reduction could be
achieved. Preliminary studies were conducted by modifying some treatment parameters
and treating romaine lettuce inoculated with E. coli 0157:H7 under these new
conditions. The highest reduction of E. coli 0157:H7 (4.16 log units) was observed after
30 min treatment at a speed of 65 rpm. In aiming to achieve the 5 log unit reduction

objective, a number of factors were modified.
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The modified factors included (i) Increasing washing speed to 100 rpm (ii)
reducing pH of neutral EO water to approximately 6.5 (iii) changing the direction of
washer every 15 sec to create further agitation (iv) increasing the final washing time in
the 3-step wash procedure from 30 s to 15 min during the 15 minute wash and (v)

increasing NEO water free chlorine concentration to 200 mg/L.

Lowering the pH of the NEO water, increasing the agitation by periodic change of
washer direction and increasing the washing speed to 100 rpm led to higher reductions
of E. coli 0157:H7 on inoculated romaine lettuce (Table 3.11 ) as compared to when
treated for the same time period at lower washing speeds and higher pH (Table 3.3). 15
min washing treatment at 100 rpm with pH 6.5 EO water led to a 4.78 log unit
reductions as compared to 3.07 and 3.42 log units for 40 and 65 rpm treatments after
15 minutes, respectively. Increasing the treatment time to 30 min ultimately led to a
reduction of 5.14 log units. These preliminary studies also included the manual change
of the direction of the washer every 15 seconds. Given the higher reductions observed
after these initial experiments, further experiments were conducted to ascertain how
each of these factors will significantly contribute to achieving close to 5-log reductions

to select the most effective treatments to use.

Results obtained after adjusted treatment procedures

Romaine lettuce leaves inoculated with E. coli 0157:H7 were used to ascertain
the best conditions to obtain the 5-log reductions. The following factors were used (i)

pH (7.5 and 6.5) (ii) time (15 min, 30 min and 15-15 min (15 min wash followed by a
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subsequent 15 min wash)) (iii) chlorine concentration (155 mg/L and 200 mg/L) and (iv)

direction change (Yes and No).

Results are provided in Table 3.12. Of the four factors studied, all but chlorine
concentration was shown to significantly affect the efficacy NEO water in reducing E.
coli 0157:H7 populations on romaine lettuce leaves (p<0.05). A lower pH, increased
treatment times and periodic direction change to increase agitation led to significantly
higher reductions while higher chlorine concentration (200 mg/L) always led to
increased reductions of E. coli 0157:H7 compared to 155 mg/L when all other factors

remained the same however these increases were not significantly different (p<0.05).

Reductions greater than or equal to 5 log units were achieved only when the pH
of NEO water was 6.5 and the direction of salad washer periodically changed during
treatment. The time-chlorine combinations that the desired reductions were achieved
are 30 min and 155 mg/L (5.14 log units), 30 min and 200 mg/L (5.28 log units), 15-15

min and 155 mg/L (5.08 log units) and 15-15 min and 200 mg/L ( 5.23 log units).

Based on these results, two treatment combinations were selected to be used on
Iceberg lettuce since 5-log reductions were neither achieved in Salmonella Typhimurium
DT 104 nor E. coli 0157:H7 inoculated leaves. 200 mg/L treatments were not selected
since no significant increase resulted from its use and it is also desirable to use as little
chlorine as possible (p<0.05). The two combinations selected were (i) 30 min-6.5 pH-155
mg/L and (ii) 15-15 min- 6.5 pH-155 mg/L; with the use of the 15 sec change of direction

in both treatments.
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Results for these treatments can be found in Table 3.13. All treatments had the
same pH, chlorine concentration as well as manual change of direction with the only
difference being the time. For Salmonella Typhimurium DT 104 on iceberg lettuce,
reductions of 5.07 log units for the 15-15 min treatment and 5.15 log units for the 30
min treatment corresponding to further reductions of 0.44 log units for the 15-15 min
treatment and 0.52 log units for the 30 min treatment when compared to the greatest
reduction observed in the preceding treatments with both treatments crossing the 5-log
unit reduction threshold. In the case of E. coli 0157:H7 inoculated on iceberg lettuce,
reductions of 3.97 log units for the 15-15 min treatment and 4.07 log units for the 30
min treatment were achieved with the increases being 0.78 log units and 0.91 log units
respectively when compared to the greatest reduction (3.16 log units) observed in the

original treatments with none of the treatments resulting in a 5 log increase.

The pH of NEO water, ORP and free chlorine concentration in the form of
hypochlorous acid (HOCI) as the primary active chlorine species are the important
factors in determining its bactericidal activity (Yang and others 2003; Hricova and others
2008). The ratio of HOCI to hypochlorite ions (OCl’) present in EO water is heavily
dependent on the pH of the solution with water at lower pH values having a greater
proportion of HOCI (Len and others 2000; Yang and others 2003; Pangloli and others
2011). Lowering the pH of NEO water also corresponded to increased ORP, which also
leads to increased reduction or inactivation of E. coli 0157:H7 and other microorganisms
(Yang and others 2003; Liao and others 2006; Huang and others 2008). Yang and others

(2003) reported the concentrations of HOCI and OCI" as the pH of NEO water was
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reduced from 9 to 4 and determined that HOCI concentration and ORP increased with
decreased pH. The increased reductions of E. coli 0157:H7 observed on lettuce after
treatment with NEO water with pH 6.5 might therefore be due to the increased
proportion of HOCI in the 155 mg/L of free chlorine available when compared with 7.5
pH NEO water as well as the increased ORP which damages cell membranes, leads to

cell disruption and eventually leads to inactivation of cells (Huang and others 2008).

Conclusion

The use of the modified salad washer along with NEO water led to significant reductions
of populations of Salmonella Typhimurium DT 104 and E. coli 0157:H7 on tomatoes and
lettuce. Increased washing speed and agitation resulted in greater reductions on lettuce
and the treatment was generally more effective in reducing pathogens on tomato
surfaces. This treatment procedure can therefore be incorporated in food service

kitchens to ensure the safety of produce items.
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Fig 3.1: Modified automated salad washer apparatus with electric gear motor system.

71



Table 3.1: Mean log reduction of Sa/lmonella Typhimurium DT 104 on romaine lettuce
after treatment with chilled neutral EO water

TREATMENT WASHING RECOVERY LOG RECOVERY FROM WASH
TIME (mins)  SPEED (rpm) (LOG CFU/g) REDUCTION ®®  SOLUTION (LOG CFU/ml)*

1 40 4.87+0.3 2° ND
65 4.61+0.38 2.25° ND
5 40 3.620.62 3.01° ND
65 2.4+0.76 4.21° ND
10 40 2.9+0.73 3.77° ND
65 1.53+1.25 5.14"® ND
15 40 3.05+0.62 4.43" ND
65 1.93+1.07 5.55% ND
30 40 2.56+0.48 4.78° ND
65 1.37+1.17 5.85" ND

a — Values in this column represent the difference between the populations of Salmonella
Typhimurium DT 104 present on lettuce surface before and after treatment with the initial
population ranging between 6.05 and 7.97 log CFU/g with a mean of 7.23 log CFU/g (Detection
limit was 1.7 log CFU/g; if pathogen was not detected by both direct plating and enrichment, the
recovery was O; if the pathogen was only detected by enrichment, the recovery was 1.6 log
CFU/g).

b -Mean values not followed by the same letter in a column are significantly different (p<0.05).
c- ND = not detected by direct plating and enrichment (detection limit of 0.3 log CFU/ml).
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Table 3.2: Mean log reduction of Salmonella Typhimurium DT 104 on romaine lettuce
after treatment with chilled deionized water

TREATMENT WASHING  RECOVERY LOG RECOVERY FROM WASH
TIME (mins)  SPEED (LOG CFU/g) REDUCTION °° SOLUTION (LOG CFU/ml)
(rpm)
1 40 5.22+0.59 1.64° 5.14
65 4.91+0.38 1.95° 5.19
5 40 4.6+0.39 2.01° 3.09
65 4.58+0.71 2.03° 4.56
10 40 4.58+0.8 2.09° 3.88
65 4.41+0.60 2.26™ 4.24
15 40 4.83%0.6 2.66"° 2.57
65 4.93+0.87 2.55" 2.78
30 40 4.69+0.98 2.51% 1.3
65 4.93+0.87 3.01" 1.83

a — Values in this column represent the difference between the populations of Salmonella
Typhimurium DT 104 present on lettuce surface before and after treatment with the initial
population ranging between 6.05 and 7.97 log CFU/g with a mean of 7.23 log CFU/g. (Detection
limit was 1.7 log CFU/g; if pathogen was not detected by both direct plating and enrichment, the
recovery was 0; if the pathogen was only detected by enrichment, the recovery was 1.6 log
CFU/g).

b -Mean values not followed by the same letter in a column are significantly different (p<0.05).
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Table 3.3: Mean log reduction of E. coli 0157:H7 on romaine lettuce after treatment
with chilled neutral EO water

TREATMENT WASHING RECOVERY LOG RECOVERY FROM
TIME (mins)  SPEED (LOG CFU/g) REDUCTION ?° WASH SOLUTION
(rpm) (LOG CFU/mI)‘
1 40 5.94+0.67 1.22° ND
65 5.92+0.25 1.23° ND
5 40 5.09+0.71 2.17¢ ND
65 4.69+1.05 2.47¢ ND
10 40 4.0940.55 2.52%¢ ND
65 3.6+0.8 3.01° ND
15 40 3.87+0.66 3.07° ND
65 3.52+0.91 3.42"® ND
30 40 3.78+0.44 3.46™ ND
65 3.07+1.14 4.16" ND

a — Values in this column represent the difference between the populations of Escherichia coli
0157:H7_present on lettuce surface before and after treatment with the initial population
ranging between 6.3 and 7.56 log CFU/g with a mean of 7.12 log CFU/g (Detection limit was 1.7
log CFU/g; if pathogen was not detected by both direct plating and enrichment, the recovery
was 0; if the pathogen was only detected by enrichment, the recovery was 1.6 log CFU/g).

b -Mean values not followed by the same letter in a column are significantly different (p<0.05).

c- ND = not detected by direct plating and enrichment (detection limit of 0.3 log CFU/ml).
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Table 3.4: Mean log reduction of E. coli 0157:H7 on romaine lettuce after treatment
with chilled deionized water (control)

TREATMENT  WASHING RECOVERY LOG REDUCTION FROM
TIME (mins) SPEED (LOG CFU/g) REDUCTION ®® WASH SOLUTION
(rpm) (LOG CFU/ml)
1 40 6.17+0.74 0.87° 6.16
65 6.29+0.87 0.98° 6.07
5 40 6.0740.63 1.09° 5.36
65 5.91+0.51 1.25% 5.03
10 40 4.87+0.5 1.58° 4.56
65 5.03+0.41 1.74° 4.22
15 40 5.05+0.38 1.81%° 414
65 4.85+0.45 2.09* 3.25
30 40 4.47+0.58 2.16" 2.67
65 4.83+0.43 2.41° 2.4

a — Values in this column represent the difference between the populations of Escherichia coli
0157:H7_present on lettuce surface before and after treatment with the initial population
ranging between 6.3 and 7.56 log CFU/g with a mean of 7.12 log CFU/g. (Detection limit was 1.7
log CFU/g; if pathogen was not detected by both direct plating and enrichment, the recovery
was 0; if the pathogen was only detected by enrichment, the recovery was 1.6 log CFU/g).

b -Mean values not followed by the same letter in a column are significantly different (p<0.05).
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Table 3.5: Mean log reduction of Salmonella Typhimurium DT 104 on iceberg lettuce
after treatment with chilled neutral EO water

TREATMENT WASHING RECOVERY LOG RECOVERY FROM
TIME (mins) SPEED (rpm) (LOG CFU/g) REDUCTION®" WASH SOLUTIONS
(LOG CFU/ml)°
1 40 5.62+0.24 1.84° ND
65 5.21+0.31 2.25° ND
5 40 5.42+0.46 2.04%F ND
65 4.55+0.34 2.92¢ ND
10 40 5.13+0.27 2.33° ND
65 4.05+0.35 3.41° ND
15 40 4.08+0.34 3.38° ND
65 3.21+0.32 4.26" ND
30 40 3.86+0.24 3.6° ND
65 2.83+0.26 4.63" ND

a — Values in this column represent the difference between the populations of Salmonella
Typhimurium DT 104 present on iceberg lettuce surface before and after treatment with a mean
initial population of 7.46 log CFU/g (Detection limit was 1.7 log CFU/g; if pathogen was not
detected by both direct plating and enrichment, the recovery was 0; if the pathogen was only
detected by enrichment, the recovery was 1.6 log CFU/g).

b -Mean values not followed by the same letter in a column are significantly different (p<0.05).
c- ND = not detected by direct plating and enrichment (detection limit of 0.3 log CFU/ml).
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Table 3.6: Mean log reduction of Salmonella Typhimurium DT 104 on iceberg lettuce

after treatment with chilled deionized water (control)

TREATMENT WASHING RECOVERY LOG RECOVERY FROM
TIME (mins)  SPEED (LOG CFU/g) REDUCTION®®  WASH SOLUTIONS
(rpm) (LOG CFU/ml)
1 40 6.64+0.75 0.82° 4.92
65 6.65+0.67 0.81° 4.64
5 40 6.41+0.32 1.05° 4.5
65 6.31+0.7 1.15¢ 3.54
10 40 6.12+0.58 1.35% 3.8
65 6.18+0.61 1.29% 4.01
15 40 5.91+0.31 1.56"° 3.4
65 5.69+0.47 1.78" 3.2
30 40 5.58+0.51 1.89" 2.92
65 5.4+0.5 2.07" 2.76

a — Values in this column represent the difference between the populations of Salmonella
Typhimurium DT 104 present on iceberg lettuce surface before and after treatment with a mean
initial population of 7.46 log CFU/g (Detection limit was 1.7 log CFU/g; if pathogen was not
detected by both direct plating and enrichment, the recovery was 0; if the pathogen was only

detected by enrichment, the recovery was 1.6 log CFU/g).

b -Mean values not followed by the same letter in a column are significantly different (p<0.05).
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Table 3.7: Mean log reduction of E. coli 0157:H7 on iceberg lettuce after treatment with
chilled neutral EO water

TREATMENT WASHING RECOVERY LOG RECOVERY FROM
TIME (mins)  SPEED (LOGCFU/g) REDUCTION®"  WASH SOLUTION
(rpm) (LOG CFU/ml)°
1 40 6.67+0.4 0.95° ND
65 6.57+0.31 1.05° ND
5 40 6.24+0.44 1.37° ND
65 5.7+0.5 1.92¢ ND
10 40 5.64+0.43 1.97° ND
65 5.44+0.25 2.17%¢ ND
15 40 5.52+0.53 2.09°%¢ ND
65 5.2+0.43 2.41° ND
30 40 5.23+0.76 2.38° ND
65 4.45+0.41 3.16" ND

a — Values in this column represent the difference between the populations of E. coli 0157:H7
present on iceberg lettuce surface before and after treatment with a mean initial population of
7.61 log CFU/g. (Detection limit was 1.7 log CFU/g; if pathogen was not detected by both direct
plating and enrichment, the recovery was 0; if the pathogen was only detected by enrichment,
the recovery was 1.6 log CFU/g). b -Mean values not followed by the same letter in a column are
significantly different (p<0.05).

c- ND = not detected by direct plating and enrichment (detection limit of 0.3 log CFU/ml).
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Table 3.8: Mean log reduction of E. coli 0157:H7 on iceberg lettuce after treatment with
chilled deionized water (control)

TREATMENT WASHING RECOVERY LOG RECOVERY FROM
TIME (mins)  SPEED (LOG CFU/g)° REDUCTION®®  WASH SOLUTION
(rpm) (LOG CFU/ml)
1 40 7.07+0.39 0.54°¢ 4.75
65 7+0.29 0.61¢ 4.72
5 40 6.79+0.82 0.82%¢ 4.53
65 6.73+0.35 0.89°%¢ 4.71
10 40 6.53+0.35 1.07%¢ 4.04
65 6.46+0.62 0.89°%¢ 4.34
15 40 6.18+0.83 1.07%¢ 3.43
65 6.22+0.43 1.14% 3.91
30 40 6.1+0.41 1.43"® 2.98
65 5.84+0.59 1.77° 3.22

a — Values in this column represent the difference between the populations of E. coli 0157:H7
present on iceberg lettuce surface before and after treatment with a mean initial population of
7.61 log CFU/g (Detection limit was 1.7 log CFU/g; if pathogen was not detected by both direct
plating and enrichment, the recovery was 0; if the pathogen was only detected by enrichment,
the recovery was 1.6 log CFU/g).

b -Mean values not followed by the same letter in a column are significantly different (p < 0.05).
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Table 3.9: Mean log reduction of Salmonella Typhimurium DT 104 inoculated on
tomatoes after treatment with both chilled neutral EO water and deionized water

(control)
TIME EO WATER®  WASHING RECOVERY LOG WASH
SPEED (rpm) (LOG CFU/tomato) REDUCTION °¢ SOLUTION
RECOVERY
(LOG CFU/mL)
1 YES 40 1.95+1.6 6.51° ND°
65 1.8+1.4 6.66" ND®
NO 40 3.2240.53 5.24° 1.92+0.36
65 3.15+0.29 5.3¢ 1.84+0.76
5 YES 40 0.87+1.34 7.6" ND®
65 0.43+1.06 8.02" ND®
NO 40 3.19+0.57 5.28°¢ 4/4°
65 2.76+0.18 5.7 4/4°
10 YES 40 ND® 8.46" ND®
65 ND¢ 8.46" ND®
NO 40 2.27+1.14 6.19%¢ 4/4°
65 2.22+1.09 6.24% 4/4°

a - YES refers to treatment with electrolyzed water and NO refers to treatment with deionized

water.

b — Values in this column represent the difference between the populations of Salmonella
Typhimurium DT 104 present on tomato surface before and after treatment with a mean initial
population of 8.46 log CFU/tomato (Detection limit was 2.7 log CFU/g; if pathogen was not
detected by both direct plating and enrichment, the recovery was 0; if the pathogen was only
detected by enrichment, the recovery was 2.6 log CFU/g).
¢ -Mean values not followed by the same letter in a column are significantly different (p<0.05)

d- ND = not detected by direct plating and enrichment (detection limit of 0.3 log CFU/ml).

e- Not detected by direct plating but all 4 samples were positive after enrichment.
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Table 3.10 - Mean log reduction of E. coli 0157:H7 DT 104 inoculated on tomatoes after
treatment with both chilled neutral EO water and deionized water (control)

TIME EO WATER WASHING  RECOVERY LOG REDUCTION  WASH
SPEED (LOG SOLUTION
(rpm) CFU/tomato) RECOVERY
(LOG CFU/mL)
1 YES 40 5.67+0.79 3.03° ND®
65 5.12+0.9 3.58¢ ND*
NO 40 7.05+0.55 1.65° 3.5
65 6.82+0.34 1.88° 3.9
5 YES 40 5.04+0.81 3.66° ND*
65 4.2740.51 4.43° ND¢
NO 40 6.940.29 1.8° 4/4°
65 6.1£0.58 26° 4/4¢
10 YES 40 4.13+0.65 4.57° ND®
65 1.941.49 6.8" ND®
NO 40 5.9+0.49 2.8° 4/4°
65 5.240.31 3.5° 4/4°

a - YES refers to treatment with electrolyzed water and NO refers to treatment with deionized

water (control).

b — Values in this column represent the difference between the populations of E. coli 0157:H7
present on tomato surface before and after treatment with a mean initial population of 8.7 log
CFU/tomato (Detection limit was 2.7 log CFU/g; if pathogen was not detected by both direct
plating and enrichment, the recovery was O; if the pathogen was only detected by enrichment,

the recovery was 2.6 log CFU/g).

¢ - Mean values not followed by the same letter in a column are significantly different (p<0.05).
d - ND = not detected by direct plating and enrichment (detection limit of 0.3 log CFU/ml).
e - Not detected by direct plating but all 4 samples were positive after enrichment.
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Table 3.11: Preliminary results for mean log reduction of E. coli 0157:H7 on romaine
lettuce leaves after treatment with 100 rpom washing speed, lower pH EO water (155
mg/L) and change of direction every 15 seconds

TREATMENT WASHING ORP pH RECOVERY  LOG RECOVERY
TIME (mins)  SPEED (mV) (LOG CFU/g) REDUCTION FROM WASH
(rpm) SOLUTION
(LOG
CFU/ml)?
15 100 884.65 6.52 2.6%0.37 4.78 ND
15 100 764.72 7.5  3.23+0.99 3.88 ND
30 100 846.76 6.51 2.25+0.46 5.14 ND

a - ND = not detected by direct plating and enrichment (detection limit of 0.3 log CFU/ml).
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Table 3.12: Mean log reduction of E. coli 0157:H7 on romaine lettuce after adjusted
treatment with chilled neutral EO water and salad spinner at 100 rpm.

pH Time Free chlorine Change of RECOVERY LOG RECOVERY
(mins) concentration  direction (LOG CFU/g) REDUCTION *¢ FROM
(mg/L) (Yes/No)® WASH
SOLUTION
(CFU/mI)*

7.5 15 155 Yes 3.51+0.52 3.88"° ND
No 3.78+0.46 3.61" ND
200 Yes 3+0.65 4.39* ND
No 3.42+0.5 3.97"® ND
30 155 Yes 2.86+0.45 4.52° ND
No 2.97+0.83 4.42° ND
200 Yes 2.71+0.58 4.68°%¢ ND
No 3.01+0.4 4.38° ND
6.5 15 155 Yes 2.6+0.37 4.78¢ ND
No 2.92+0.77 4.47° ND
200 Yes 2.52+0.53 4.87¢ ND
No 2.83+0.64 4.56° ND
30 155 Yes 2.25+0.29 5.14° ND
No 2.45+0.49 4.94° ND
200 Yes 2.11+0.59 5.28° ND
No 2.42+0.43 4.97° ND
15-15° 155 Yes 2.3#0.5 5.08° ND
No 2.7340.5 4.65¢ ND
200 Yes 2.15+0.69 5.23° ND
No 2.56+0.5 4.82°° ND

a- Yes refers to manual change of direction of salad spinner every 15 seconds; No refers to salad
spinner moving in one direction for the whole treatment period.
b- Values in this column represent the difference between the populations of E. coli 0157:H7

present on romaine lettuce surface before and after treatment with a mean initial population of
7.39 log CFU/g. (Detection limit was 1.7 log CFU/g; if pathogen was not detected by both direct
plating and enrichment, the recovery was 0; if the pathogen was only detected by enrichment,

the recovery was 1.6 log CFU/g).
c- Mean values not followed by the same letter in a column are significantly different (p < 0.05).

d- ND = not detected by direct plating and enrichment (detection limit of 0.3 log CFU/ ml).

e- 15 minute wash followed by another 15 minute wash in place of the subsequent 30 sec rinse
used for all other treatments.
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Table 3.13: Mean log reduction of Salmonella Typhimurium DT 104 and E. coli 0157:H7
on iceberg lettuce leaves after adjusted treatment with chilled neutral EO water (6.5 pH,
155 mg/L) and salad spinner at 100 rpm with a periodic change of direction.

Pathogen Time RECOVERY LOG RECOVERY
(min) (LOG CFU/g) REDUCTION®® FROM  WASH
SOLUTIONS
(LOG CFU/g)°
S. Typhimurium DT 30 2.27+0.52 5.15" ND
104 15-15 2.34+0.41 5.07 ND
E. coli 0157:H7 30 3.28+0.54 4.07° ND
15-15 3.41+0.49 3.94° ND

a — Values in this column represent the difference between the populations of Salmonella
Typhimurium DT 104 and E. coli 0157:H7 present on romaine lettuce surface before and
after treatment with a mean initial population of 7.42 log CFU/g and 7.35 log CFU/g respectively.
(Detection limit was 1.7 log CFU/g; if pathogen was not detected by both direct plating and
enrichment, the recovery was 0; if the pathogen was only detected by enrichment, the recovery
was 1.6 log CFU/g).

b -Mean values not followed by the same letter in a column are significantly different (p<0.05).
¢ - ND = not detected by direct plating and enrichment (detection limit of 0.3 log CFU/ml).
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CHAPTER 4

EFFECTS OF ULTRASONICATION ON THE EFFICACY OF NEAR NEUTRAL ELECTROLYZED

WATER IN REDUCING Escherichia coli 0157:H7 AND Sa/monella TYPHIMURIUM DT 104

ON ROMAINE LETTUCE AND TOMATOES

Afari GK, Hung Y-C, King CH. To be submitted to Journal of Food Science.
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Abstract

The aim of this study was to determine the effects of ultrasonication on Escherichia coli
0157:H7 and Salmonella Typhimurium DT 104 reduction or inactivation on romaine
lettuce and tomatoes when combined with near neutral electrolyzed (NEO) water (155
mg/L free chlorine, pH 6.5). Tomatoes and lettuce leaves were spot inoculated with 100
uL of a 5 strain cocktail mixture of either pathogen and treated in 1.6 L of either chilled
deionized water or NEO water, with or without ultrasound (130 W and 210 W).
Tomatoes were treated for 1, 3 and 5 min while lettuce was treated for 5, 10 and 15
min. Effects of ultrasound on the temperature and properties of chilled NEO water were
also studied. The use of NEO water, increasing time and higher ultrasonic power led to
significantly greater reductions of both pathogens on produce items (p<0.05). NEO
water combined with 210 W ultrasonication of lettuce led to 4.4 and 4.3 log CFU/g
reductions of E. coli and S. Typhimurium on lettuce after 15 min while 5 min
ultrasonication at 210 W led to complete inactivation of both pathogens on tomatoes.
Pathogens were completely inactivated in only NEO water wash solutions. Ultrasound
application significantly increased ORP of NEO water but did not affect pH and free
chlorine concentration (p<0.05) and temperature increased from 7°C to 17.5and 29.5°C

after 15 min of 130 W and 210 W ultrasonication respectively.

Keywords: Neutral electrolyzed water, ultrasound, fresh produce, Escherichia coli

0157:H7, Salmonella Typhimurium DT 104
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Introduction

Fresh fruits and vegetable consumption among the general populace has been on the
rise in recent years resulting in a commercial boost in the fresh produce industry in the
USA and internationally. Given the lack of extensive processing before being consumed,
fresh produce consumption can be a vehicle for harboring several spoilage and
pathogenic microorganisms leading to food borne illnesses. Bermudez-Aguirre and
Barbosa-Canovas (2013) reported that food borne illnesses account for losses of over 50
billion dollars a year with Escherichia coli 0157:H7 and Salmonella spp. among the most
dominant causes of food borne related illnesses (Sapers 2001). In 2006, an outbreak of
Salmonella Typhimurium in tomatoes led to 183 ill individuals across 21 states in the
USA and 2 persons in Canada, with 22 hospitalizations (CDC 2006). 45 persons also fell ill
after consuming Escherichia coli 0157:H7 infected Romaine lettuce. 30 hospitalizations
were reported and 2 persons developed hemolytic uremic syndrome (CDC 2012). In
aiming to reduce or eliminate these pathogens on fresh produce before consumption,
chemical sanitizers including chlorine, ozone, peroxyacetic acid, electrolyzed water
among others are used for wash treatments during processing and various non-thermal
technologies including modified packaging, irradiation, ultraviolet light, high pressure
processing and ultrasound are currently being studied and in some cases already in use

in industries (Ramos and others 2013).

Ultrasound refers to energy generated by sound waves at frequencies above 20
kHz or more (Bilek and Turantas 2013) and can be used for several applications in food

processing. Two types of ultrasound can be used for different purposes in the food
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industry; low energy, high frequency ultrasound for non-destructive applications and
power (high energy, low frequency) ultrasound for food preservation purposes. Power
ultrasound involves frequencies between 20 to 100 kHz and has been shown to cause
physical and chemical disruptions within the medium of its application that can
ultimately lead to microbial inactivation (Earnshaw 1998; Knorr and others 2004).
Cavitation, the formation, growth and collapse of bubbles or cavities when ultrasonic
waves are transmitted through a liquid medium is believed to be the primary cause of
microbial cell stress and death (Scherba and others 1991; Earnshaw 1998). Upon the
collapse of the bubbles, high pressure (>100 MPa) is created at these localized sites,
resulting in microbial cell disruption and leakage. Transient high temperatures of as high
as 5000 K are also produced which also results in further inactivation but its effects on
cells are minimal compared to the pressure effects. Further studies also suggest the
formation of free radicals when a liquid medium is sonicated leads to the breakage of
DNA molecules within the cell which also contributes to disruption and eventual death
(Hughes and Nyborg 1962). The use of ultrasound has been shown to lead to relatively
low antimicrobial efficiency and therefore its use with other chemical sanitizers can
result in synergistic or sequential actions that can enhance inactivation of microbes
(Bilek and Turantas 2013). Seymour and others (2002) showed that the combination of
ultrasonication and chlorinated water resulted in up to 1 log further reductions in S.
Typhimurium on iceberg lettuce when compared to chlorinated water only, while
Scouten and Beuchat (2002) also reported modestly higher reductions of Salmonella

and E. coli 0157:H7 after ultrasound treatment along with 1% Calcium hydroxide.
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Electrolyzed oxidizing water is a sanitizer that is produced when a dilute salt
solution (NaCl) is passed through an electrolytic cell that has a diaphragm or membrane
separating the anode and cathode. The solution produced at the anode side is
electrolyzed oxidizing (EO) water and it has been shown to exhibit lethal properties
against microbes due to its low pH (2.3-2.7), high ORP (>1000 mV) and free chlorine
concentration with the active antimicrobial species being hypochlorous acid (HOCI)
(Huang and others 2008). Near-neutral to neutral EO (NEO) water is generated in either
a sole-chamber or in a dual-chamber with part of the EO water formed at the anode
directed into the cathode chamber resulting in a near neutral pH solution also with
antimicrobial properties (Abadias and others 2008). This form of EO water is
advantageous because it is less corrosive and relatively more stable due to greater
proportions of chlorine being in the form of hypochlorous acid (HOCI), the most active
species against microorgansms, instead of chlorine gas (Ayebah and Hung 2005; Len and
others 2000). EO water has been shown to be lethal to Salmonella and E. coli 0157:H7
found on lettuce (Koseki and others 2004; Park and others 2001), tomatoes, lemons and
cabbage leaves (Pangloli and others 2009) as well as other microorganisms and produce
items. NEO water has also been reported to reduce Salmonella and E. coli 0157:H7 on
tomatoes, lettuce and carrots (Deza and others 2003; Abadias and others 2008).
Ultrasonication and EO water use resulted in significantly higher reductions of E. coli
0157:H7 on strawberries and broccoli when compared to EO water only treatments
(Hung and others 2010). The objective of this study therefore was to determine the

effect of ultrasonication on Escherichia coli 0157:H7 and Salmonella Typhimurium DT

89



104 reduction or inactivation on fresh produce items when combined with NEO water

(155 mg/L free chlorine, pH 6.5).
Materials and methods
Preparation of Neutral Electrolyzed water

NEO water was generated by electrolyzing a dilute NaCl solution (ca. 10%) using a
GenEon™ Instaflow generator (GenEon Technologies, San Antonio, Tx., U.S.A) operating
at about 11 V to obtain NEW with free chlorine concentration of approximately 155
mg/L. The production capacity of the generator is approximately 3.0 L/min, and at a
voltage above 17 V the generator shuts down as a result of manufacturer’s setting. The
NEO water was then collected in screw-cap containers and stored at 4°C before use.
NEO water generated at a pH or free chlorine concentration above desired value (6.5 pH
and 155 mg/L) was adjusted through the addition of drops of 1N HCI (Waters and others
2014) or dilution with deionized water respectively. The ORP and pH of NEO water were
measured using a dual-channel ACCUMET meter (model AR 50, Fisher Scientific,
Pittsburgh, Pa., U.S.A.). The DPD-FEAS titrimetric method (Hach Co., Loveland, Colo.,
U.S.A.) was used in the determination of free chlorine concentrations. Deionized water

was also collected and chilled at 4 °C before use.
Measuring Properties of Neutral Electrolyzed water after ultrasonication
1.6 L of chilled NEO water was transferred into a 2L beaker, placed on an Isotemp basic

stirring hot plate (Fisher Scientific, Dubuque, lowa, U.S.A.) and sonicated with an
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Ultrasonic Processor (model CPX 500, Cole Parmer Instruments, Vernon Hills, Il., U.S.A.,
20 kHz, power rating 500 W) and probe system (model CV33, Cole Parmer Instruments,
Vernon Hills, Il., U.S.A.) for the designated time period (1, 3, 5, 10 and 15 minutes) and
intensity (210 W and 130 W). The tip of the probe (2.5 mm diameter) was placed 5 mm
into the treatment solution during each treatment and a magnetic stir bar (7.5 mm
diameter) operating at 100 rpm was used for agitation. After each treatment period,
two 50 ml samples of treated NEO water were collected for determination of pH, ORP
and free chlorine concentration following the procedure previously described. The

changes in temperature during ultrasonication were also recorded.

Preparation of Inoculum

5 strains each of nalidixic acid-adapted E. coli 0157:H7 and S. Typhimurium DT 104 were
used in this study. The five E. coli 0157:H7 strains used were 1 (Beef isolate), 5 (human
isolate), 932 (human isolate), EO09 (Beef isolate) and E0122 (cattle isolate) and the five
strains of Salmonella Typhimurium DT104 were H2662 (cattle isolate), 11942A (cattle
isolate), 13068A (cattle isolate), 152N17-1 (dairy isolate) and H3279 (human isolate). All
strains were activated from frozen stock cultures by transferring loopful culture into 10
ml tryptic soy broth (TSB; Difco, Becton Dickinson, Sparks, MD) supplemented with 50
mg/L nalidixic acid for E. coli 0157:H7 (TSBN) or TSB for Salmonella Typhimurium
DT104. Cultures were grown individually in TSBN or TSB for 24h at 37°C and then
sedimented by centrifugation at 3000 x g and 20°C for 15 min. The supernatant was

then discarded and cells resuspended in phosphate buffered saline (PBS, pH-7). Two
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different five strain mixtures were prepared by mixing 2 ml of individual strains of either
pathogen. Bacterial populations of each mixture were then verified by plating 0.1 ml of
the appropriate dilution on tryptic soy agar supplemented with 50 mg/L nalidixic acid
(TSAN) for E. coli 0157:H7 or on tryptic soy agar (TSA) for S. Typhimurium DT 104 and
incubated at 37°C for 24 h. The use of nalidixic acid was to enable inhibition of the
microflora naturally present on produce samples and to allow for selective isolation and

enumeration of inoculated pathogens.

Preparation and Inoculation of Produce Items

Romaine lettuce (Lactuca sativa L. var. longifolia) and round red tomatoes (Lycopersicum
esculentum Mill) were obtained from a local restaurant, and stored at 4°C and used
within 24 hours. The outer two or three damaged leaves of lettuce were discarded, with
the next 3-4 leaves collected and placed with the abaxial side facing up on sanitized
trays. Each whole leaf was spot inoculated with 100 ul (10 drops) of E. coli 0157:H7 or
S. Typhimurium DT104 five-strain cocktail mixtures using a micropipettor. Two to three
leaves weighing approximately 80g were inoculated for each treatment. For tomatoes,
uniform sizes of red round tomatoes without damage or bruises were selected. Two red
round tomatoes weighing approximately 160g were each spot inoculated with 100 pl of
E. coli O157:H7 or S. Typhimurium DT104 five strain cocktail mixtures per fruit. The
inoculated produce was then allowed to dry under a laminar flow hood for 2 h to allow
for attachment of pathogens. Trays with the air-dried inoculated produce items were

then covered with aluminum foil and placed in a 4°C cool room for 24 h to simulate
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produce handling practices in some restaurants and food service kitchens. Initial
pathogen populations present on leaves and tomatoes were determined after the

storage period.

Procedure for treating lettuce and tomatoes

For lettuce, inoculated leaves were submerged in a 2L beaker containing either 1.6L of
chilled NEO water or deionized water, placed on an Isotemp basic stirring hot plate
(Fisher Scientific, Dubuque, lowa, U.S.A.) and sonicated with an Ultrasonic Processor
(model CPX 500, Cole Parmer Instruments, Vernon Hills, Il., U.S.A., 20 kHz, power rating
500 W) and probe system (model CV33, Cole Parmer Instruments, Vernon Hills, II.,
U.S.A.) for the designated time period (5, 10 and 15 minutes) and intensity (130W and
210 W). The tip of the probe (2.5 mm diameter) was placed 5 mm into the treatment
solution during each treatment with a magnetic stir bar operating at 100 rpm being used
to agitate leaves. At the end of designated treatment period, treatment solution was
completely drained from the beaker with the leaves and drained solution collected for
microbiological analysis. Treated leaves were then placed in a 1.5 liter round-bottom
Whirl-Pak bag containing 200 ml of Dey Engley (DE) broth, whereas 25 ml of drained
treatment solution was collected and added to 25 ml of double strength DE broth for

microbiological analysis.

For tomatoes, two inoculated tomatoes were loaded in a 2L beaker containing either
1.6L of chilled NEO water or deionized water, placed on an Isotemp basic stirring hot

plate (Fisher Scientific, Dubuque, lowa, U.S.A.) and sonicated with an Ultrasonic
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Processor (model CPX 500, Cole Parmer Instruments, Vernon Hills, Il., U.S.A., 20 kHz,
power rating 500 W) and probe system (model CV33, Cole Parmer Instruments, Vernon
Hills, Il., U.S.A.) for the designated time period (1, 3 and 5 minutes) and intensity (210
W and 130 W). The tip of the probe (2.5 mm diameter) was placed 5 mm into the
treatment solution during each treatment with a magnetic stir bar operating at 100 rpm
being used for agitation. At the end of designated treatment period, treatment solution
was completely drained from the beaker with the tomatoes and drained solution
collected for microbiological analysis. Each treated tomato was individually placed in a
1.5 liter round-bottom Whirl-Pak bag containing 50 ml of DE broth, whereas 25 ml of
drained treatment solution was collected separately and added to 25 ml of double

strength DE for microbiological analysis. Each experiment was replicated 3 times.

Microbiological Analysis

The Whirl-Pak bags containing lettuce samples and DE broth were pummeled in a
stomacher (Stomacher® 80) for 2 min at 260 rpm speed while tomatoes in Whirl-Pak
bags with DE broth were hand rubbed for 2 min. Wash solutions collected were also
pummeled for 1 min at 260 rpm in the stomacher. The DE broths were then serially
diluted in PBS and plated (in duplicates, 100 pl) on sorbitol MacConkey agar
supplemented with 50 pg/ml nalidixic acid and 0.1% sodium pyruvate (SMACNP) for E.
coli 0157:H7 and XLD agar supplemented with 0.1% sodium pyruvate, 32 mg/ml
ampicillin, 16 mg/ml tetracycline, and 64 mg/ml streptomycin for S. Typhimurium DT

104 (XLDASTP) (Jadeja and Hung 2014). After plating, plates were incubated at 37°C for

%94



24h and counted afterwards using a colony counter (aColyte 7510/SYN, Microbiology

Intl., Frederick, MD., USA).

To detect the presence of low numbers of pathogens that would not be detected
by direct plating, 250 ml of double strength modified TSB supplmented with 50 mg/L
nalidixic acid and 0.1% sodium pyruvate (dmTSBNP) was added to each stomacher bag
containing romaine lettuce with 200 ml of DE broth. For low numbers of S.
Typhimurium DT 104 enrichment, 250 ml of double strength Ilactose broth
supplemented with 0.1% sodium pyruvate, 32 mg/ml ampicillin, 16 mg/ml tetracycline,
and 64 mg/ml streptomycin (dmLBASTP) was used for enrichment. All enrichments
were incubated at 37°C for 24 h. If direct plating did not yield any colonies, incubated
enrichment broth was streaked onto SMACNP or XLDASTP plates and incubated at 37°C
for 24 h. At the end of the incubation period, plates were examined for the presence of
presumptive colonies of either E. coli 0157:H7 (colorless) or S. Typhimurium DT 104
(black). Five presumptive-positive colonies were randomly selected from SMACNP and
XLDASTP plates with the appropriate dilution and subjected to biochemical tests (API

20E assay, bioMe’reux, Hazelwood, MO, USA) and latex agglutination assay (Oxoid, UK).

Statistical analysis

Reported values of plate counts are the mean values of six samples * standard
deviations for treated produce samples and wash solutions. Data were subjected to
analysis of variance with a completely randomized factorial design. These analyses were

performed with the SAS software release 9.2 (SAS Institute, Cary, NC, USA). The Tukey
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HSD method was used for multiple comparisons of means with the level of significance

at 0.05.

Results and Discussion

NEO water properties

The initial part of this study focused on the effects of ultrasonication on the properties
of NEO water. NEO water collected had a pH of 6.5, free chlorine concentration of 155
mg/L and ORP of 847.7 mV. Ultrasound treatment of NEO water led to no significant
differences in the pH and free chlorine concentrations of NEO water (p<0.05)
irrespective of the amount of time (1 to 15 min) or power (210 or 130 W) for which the
water was exposed to the ultrasonic waves (Table 4.1). ORP of NEO water on the other
hand was greatly affected by ultrasonication. All ultrasound treated NEO water had
significantly greater ORP than NEO water collected and stored at 4°C with 210 W
treatments being slightly higher but not significantly different from 130 W treatments
after the same exposure time (p<0.05). Of the ultrasound treated samples, only the 130
W sonication for 1 min and 210 W sonicated samples for 15 min were significantly
different from each other (p<0.05), all other power-time combinations were not

different.

With these 3 properties being the key factors in determining the bactericidal
efficacy of electrolyzed water, the results obtained were desirable since maintaining the
pH and free chlorine concentration would help conserve the relative levels of chlorine in
the form of hypochlorous acid (HOCI), which is the most active chlorine species against

96



microorganisms (Len and others 2000; Abadias and others 2008). The increase in ORP of
NEO water may be attributed to sonolysis or the formation of free radicals in liquid
when exposed to ultrasound. The application of ultrasound leads to the formation,
growth and collapse of air bubbles (cavitation) and this phenomenon is accompanied by
transient and very high temperature and pressure localized spots. These conditions lead
to the thermal dissociation of the aqueous solution resulting in the production of free
radicals (Riesz, 1992; Earnshaw 1998; Kentish and Ashokkumar 2011). Free radicals
being oxidizing agents are therefore formed in the NEO water, resulting in a greater
ratio of oxidants to reducing agents in the sonicated solution causing the NEO water to
have a higher oxidation-reduction potential. Increased ORP of electrolyzed water has
also been reported to increase its antimicrobial efficacy (Huang and others 2008;
Hricova and others 2008; Liao and others 2007) and this therefore suggests the NEO

water that has had ultrasound applied can have increased antimicrobial efficacy.

The changes in NEO water temperature during ultrasonication was also recorded
and results reported in Fig 3.1. The recorded temperatures during 130 W ultrasonication
were 9°C, 11°C, 13°C, 15°C and 17.5°C after 1, 3, 5, 10 and 15 min respectively. For 210
W, temperatures were 9°C, 12.5°C, 15.5°C, 22°C and 29.5°C after 1, 3, 5, 10 and 15 min
respectively. The temperature of NEO water before ultrasonication was 7°C. Increasing
time resulted in increased temperature and the higher ultrasonic power (210 W) also
led to higher temperatures than 130 W ultrasonication after 3 min and above. Huang
and others (2006) also reported that temperature of chlorine dioxide solution increased

from 20.1°C to 40.1, 44.9, and 50.3°C after 170-kHz ultrasonic treatments for 3, 6, and
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10 min respectively showing that ultrasonic treatment can lead to increased
temperature of liquid medium. The increased temperature can be attributed to the
transient, high temperature localized spots within the medium created as a result of
cavitation resulting in an eventual and gradual rise in the temperature of the wash
solution. The rises in temperature also results in a greater number of cavitation bubbles
being formed due to increased vapor pressure and reduced tensile strength and
viscosity leading to possibly greater bactericidal activity than at lower temperatures
(Alzamora and others 2011). Temperature increase can also be due to the loss of energy

from the transducer in the form of heat.

Romaine Lettuce

Reductions obtained for E. coli 0157:H7 inoculated romaine lettuce leaves can be found
in Table 4.2. For the control samples of deionized water (treatments without
ultrasonication), reductions between 1.2 log units to 1.4 log units were observed, with
no significant differences observed for any of the different treatment times (p<0.05).
The inclusion of ultrasound with deionized water further reduced the population on
leaves by between 0.8 log to 1 log units at 130 W and 1.1 to 1.3 log units at 210 W
power, with the greatest reduction observed after 15 min and 210 W ultrasonication
(2.8 log units). The highest reduction for the 130 W ultrasonication treatments was also
after 15 min (2.5 log units) and was significantly different from the 5 and 10 min

treatments (p<0.05). E. coli O157:H7 was always recovered in the deionized water
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treatment solutions after treatment with or without ultrasonication with the

populations ranging from 5 to 5.8 log CFU/ml.

NEO water only treatments reduced the initial population on leaves by 2.3 to 2.7
log units for 5 and 15 minutes respectively and completely inactivated microorganisms
in the wash solution even after enrichment. 130 W ultrasonication resulted in additional
reductions of 0.9 log units to 1.1 log units, and 1 to 1.7 log units further reductions for
210 W. The highest reduction (4.4 log units) was observed at the highest power (210 W)
and time (15 min) combination tested. Reductions were always greater for longer
durations of treatments at the same ultrasonic power while the same was also observed
when the intensities were varied for the same time of treatment. 15 min ultrasonic
treatments were always significantly greater than 5 min and were higher but not
significantly greater than 10 min (p<0.05). E. coli 0157:H7 cells were completely

inactivated in wash solutions for all NEO water treatments.

S. Typhimurium reductions (Table 4.3) after 5 to 15 min treatments with
deionized water only were between 1.6 and 1.8 log units. The introduction of
ultrasound led to significantly greater reductions when compared to treatment of
romaine lettuce with only deionized water (p<0.05). When treated with 130 W
ultrasound and deionized water, a further 0.5 to 0.8 log CFU/g reduction of S.
Typhimurium DT 104 was achieved with the highest reduction being after 15 min

exposure (2.5 log units). 210 W treatments resulted in 1 to 1.2 log units further
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increases on the treatments without ultrasound with longer durations resulting in

higher reductions although these were not significantly different (p<0.05).

Treatment of S. Typhimurium inoculated romaine lettuce with NEO water was
more effective than deionized water with NEO water only reductions being as great as
2.9 log units after 15 min but longer time of treatment did not significantly reduce
greater populations of the pathogen (p<0.05). Ultrasonication led to greater reductions
of up to 3.6 log units and 4.3 log units after 15 min sonication at intensity of 130 W and
210 W respectively. The 210 W treatment for 15 min was the greatest reduction of S.
Typhimurium DT 104 on romaine lettuce and was significantly greater than all other

treatments performed (p<0.05).

Tomatoes

E. coli 0157:H7 results can be found in Table 4.4. Reductions for NEO water only
treatments (4.2 to 4.8 log units) were significantly greater (p<0.05) than deionized water
only reductions (2 to 2.5 log units) by up to over 2 log units. The introduction of
ultrasonication led to significantly increased reductions of E. coli 0157:H7 irrespective of
the type of treatment solution used (p<0.05). Increased ultrasound power or intensity
resulted in greater reductions after the same period of exposure and 5 min ultrasonic
treatments were always greater than 1 min treatments irrespective of power or wash
solution. 130 W ultrasound increased reductions by a further 0.8 to 1.2 log units for

deionized water and 0.9 to 1.4 log units for NEO water. In the instance of 210 W, further
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reductions up to 1.7 log units and 3.7 log units were obtained after deionized water and

NEO water treatments respectively.

Greatest reductions were observed after 5 min at 210 W (4.22 log units for
deionized water) with complete inactivation (after enrichment) of the pathogen
observed when combined with NEO water. Populations of 3.4 to 4.1 log CFU/ml were
recovered from deionized water wash solutions while E. coli 0157:H7 was completely

inactivated in all NEO water solutions including the treatment without ultrasound.

Observations made for S. Typhimurium (Table 4.5) inoculated on red round
tomatoes were similar to those made for E. coli O157:H7. All NEO water treatments
were significantly greater than those with deionized water (p<0.05). Treatments
without ultrasound led to reductions of 2.8 to 3.2 log units and 5.2 to 5.4 log units after
1 to 5 min of deionized water and NEO water respectively. The two wash solutions led
to significantly different reductions of the pathogen however for deionized water
treatments of tomatoes without ultrasound, longer times did not have any effect on the
reductions (p<0.05). The same was also noted for NEO water treatment without

ultrasound.

Ultrasonication resulted in significantly greater reductions of S. Typhimurium DT
104 irrespective of treatment times and water type when compared to corresponding
treatments when ultrasound was not used (p<0.05). Deionized water ultrasonication at
130 W resulted in a further 0.92 to 1.20 log units reductions with 1 and 5 min

treatments being significantly different (p<0.05). For 210 W ultrasound treatments,
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further reductions between 1.42 to 2.02 log units were noted when compared to
treating tomatoes without ultrasound. Exposing tomatoes to 210 W for 5 min led to the
greatest S. Typhimurium reductions for deionized water (5.1 log units) and this was
significantly different from treating tomatoes for 1 min (4.2 log units) but not from 3
min (4.7 log units) (p<0.05). All deionized water wash solutions contained remaining

populations of the pathogen ranging from 3.1 to 4.3 log CFU/ml.

For ultrasonicated NEO water treated tomatoes, higher power intensity led to
greater reductions of S. Typhimurium on tomato surfaces treated for the same time.
Application of 130 W ultrasound led to between 6.2 and 6.8 log unit reductions of initial
populations after 1 and 5 min respectively and these two different conditions were
significantly different (p<0.05). In the case of 210 W ultrasonication combined with NEO
water, 1 min exposure (6.86 log units) was significantly lower than 3 and 5 min which
were not significantly different (p<0.05). As was the case with E. coli 0157:H7, the
pathogen was completely inactivated after 5 min. S. Typhimurium cells were completely
inactivated in all NEO water treatments with or without ultrasonication making it a

useful wash solution to prevent cross contamination of produce items.

Various studies that have hitherto been performed have shown the increased
effects of ultrasonication on the efficacy of various sanitizing solutions in reducing
Salmonella and E. coli 0157:H7 on lettuce, leafy greens, tomatoes and other fresh
produce items. Iceberg lettuce treated with ultrasound only for 10 min at 10 W/L and

frequencies of 32-40 kHz reduced initial Salmonella Typhimurium populations by up to
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1.5 log CFU/g however when ultrasound was combined with 25 ppm chlorinated water
the reductions improved by up to 2.7 log CFU/g(Seymour and others 2002). Huang and
others (2006) also reported that romaine lettuce treated with 170 kHz ultrasound and
chlorine dioxide for 3, 6 and 10 min reduced Salmonella Typhimurium and E. coli
0157:H7 by up to 4.2 and 3.8 log CFU/g respectively. Salmonella Typhimurium and E.
coli 0157:H7 on lettuce were again reduced by 3.2 and 2.7 log CFU/g respectively after
30 W/L and 40 kHz ultrasound and 2% organic acids (lactic, malic and citric acids)
treatment for 5 min (Sagong and others 2011). E. coli 0157:H7 on brocolli was also
reduced by up to 2 log CFU/g after 5 min acidic EO water treatment and 30 W/L -37 kHz
ultrasonication with acidic EO water of 100 mg/L free chlorine treatments being more
effective than acidic EO water 55 mg/L free chlorine (Hung and others 2010). Ultrasound
with acidic EO water (80 mg/L free chlorine) resulted in reductions of 3.1 log CFU/g of E.
coli 0157:H7 when compared to 2.2 log CFU/g reductions after acidic EO water
treatments (Zhou and others 2009). In the case of cherry tomatoes, 10 min, 45 kHz
ultrasound treatment reduced S. Typhimurium by 0.8 log CFU/g, however when
combined with 40 mg/L peroxyacetic acid, reductions increased by over 3 log to 3.9 log

CFU/g (Sao Jose and Vanneti 2012).

Reductions on tomatoes were generally higher than those for romaine lettuce
for both Salmonella Typhimurium and E. coli 0157:H7 and this can be due to the
structure and morphology of the different produce surfaces. It has been noted that the
extent to which disinfection treatments are effective is heavily dependent on the initial

population of microbes and the type of produce being examined (Francis and O’Beirne
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2002). As suggested by Huang and others (2006) in the case of apples, the smooth
surface of the tomatoes makes it relatively easier for pathogens to be removed or
detached via the bubbles generated by ultrasonication and inactivated by the NEO
water solution. Lettuce leaves have several folds and crevices that can trap and prevent
detachment of greater populations of inoculated E. coli 0157:H7 and S. Typhimurium DT
104 even during ultrasound treatment and NEO water treatment. Greatest reductions
on romaine lettuce of 4.4 and 4.3 log units for E. coli 0157:H7 and S. Typhimurium DT
104 respectively show that relatively similar reductions were achieved for both
pathogens. NEO water was more effective than deionized water due to the various
lethal effects it has on microorganisms by virtue of its ORP and free chlorine
concentration in the form of HOCI. The high free chlorine concentration of 155 mg/L
may also be the contributing factor for higher reductions being observed in this study
than others. NEO water with or without ultrasound, led to complete inactivation of
pathogens in wash solutions unlike in the case of deionized water, suggesting that
deionized water removed cells from the surface of tomatoes and into the wash solution
without killing. The use of ultrasonication with deionized water will therefore not be

able to prevent cross contamination during produce wash while NEO water can.

Different ultrasound studies on the same produce items are very difficult to
compare given the differing parameters used for testing as well as the design of
ultrasonic equipment. Studies are conducted at different frequencies, power or
intensities, temperatures and with different sanitizers containing varying levels of the

active antimicrobial species. The mechanism of microbial cell death due to ultrasound
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has been suggested to be as a result of cavitation and its accompanying effects
(Piyasena and others 2003). Two types of cavitation occur, stable and transient, which
contribute in different ways to microbial inactivation. Stable cavitation is as a result of
oscillation of small bubbles, causing the bubbles to grow in size after thousands of
oscillation cycles and vibrate to create sonic fields that eventually cause these small
bubbles to grow in size and create microcurrents, an effect known as microstreaming.
Microstreaming is suggested to provide a force that causes abrasion and breakdown of
cell wall and membrane structures allowing antimicrobials to exert their lethal effects
(Hughes and Nyborg 1962; Scherba and others 1991; Earnshaw 1998). Transient
cavitation on the other hand involves the collapse of the generated bubbles which
produces localized high temperature and pressure which barrages the membranes of
the cell and can lead to detachment and cell wall damage, disruption and leakage
(Scherba and others 1991; Earnshaw 1998). The final cause of cell death through
ultrasonication is the formation of free radicals, and the generated species target the
fragments of DNA of the microbial cell which are a result of ultrasonication and disrupts

the chemical environment leading to cell death (Earnshaw 1998).

Conclusion

Ultrasonication led to greater reductions of Salmonella Typhimurium and E. coli
0157:H7 on romaine lettuce and tomato surfaces when compared to wash solution only
treatments. Higher ultrasonic power resulted in greater reduction at the same

treatment time. The combination of NEO water (155 mg/L free chlorine; pH 6.5) with
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ultrasound was the most effective of all treatments studied and therefore it can be used
for sanitizing fresh produce items due to its effectiveness in reducing pathogens and

also its ability to prevent cross contamination.
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Fig 4.1: Changes in temperature of NEO water with time during ultrasonication at 130 W
and 210 W.
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Table 4.1: Effects of ultrasonication on the properties of NEO water

Treatment Time Water properties®
pH Free chlorine ORP

Control 6.5+0.1% 155+2.4° 847.7+24°

Ultrasound

130 W 1 6.47+0.10" 154.2+3.3% 896.2+15.7°
3 6.43+0.20" 153+3.5° 908.7+17.2"F
5 6.47+0.10" 153.3+2° 915.2+17.7
10 6.45+0.05" 153.7+2.9° 919+24.2""
15 6.47+0.02" 153.2+1.5° 938.5+22.7""

210 W 1 6.43+0.10" 153+2° 915.7+15"
3 6.43+0.14" 153.2+2.9° 920+32"F
5 6.42+0.13" 153+1.1° 916+19.3"
10 6.39+0.11" 152.7+2.7° 932.6+27"
15 6.42+0.06" 152.3+1.5° 950.1+14.7"

a -Mean values not followed by the same letter in a column are significantly different (p < 0.05).
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Table 4.2: Mean population of E. coli 0157:H7 recovered from lettuce and wash

solutions after treatment with both NEO water and DI water.

TREATMENT  WATER  TIME RECOVERY LOG WASH
TYPE (min)  (LOG CFU/g) REDUCTION ? SOLUTION
(LOG CFU/ml)
Untreated 7.41+0.06
leaves
Without ultrasound
DI 5 6.24+0.11 1.17° 5.35
10 6.07+0.13 1.33° 5.79
15 5.99+0.17 1.42° 5.16
EO 5 5.10+0.50 2.30% NDP
10 4.89+0.34 2.51° NDP
15 4.71+0.39 2.69° NDP
With ultrasound
130 W DI 5 5.48+0.29 1.92FF 5.48
10 5.22+0.37 2.19%F 5.33
15 4.95+0.44 2.45° 5.15
EO 5 4.23+0.50 3.17¢ NDP
10 3.99+0.45 3.41%¢ NDP
15 3.59+0.33 3.82° NDP
210 W DI 5 5.1610.36 2.24"F 5.72
10 4.75+0.35 2.66° 5.27
15 4.65+0.44 2.76° 5.07
EO 5 4.13+0.28 3.28¢ NDP
10 3.36+0.50 4.05"® NDP
15 3.05+0.52 4.36" NDP

a -Mean values not followed by the same letter in a column are significantly different (p<0.05).
b - ND = not detected by direct plating and enrichment (detection limit of 0.3 log CFU/ml).
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Table 4.3: Mean population of Salmonella Typhimurium DT 104 recovered from lettuce
leaves and wash solutions after treatment with both NEO water and DI water.

TREATMENT WATER  TIME  RECOVERY LOG WASH SOLUTION
TYPE (min)  (LOG CFU/g) REDUCTION?  (LOG CFU/ml)
Untreated 7.34+0.25
leaves
Without ultrasound
DI 5 5.76+0.58 1.58° 5.61
10 5.72+0.38 1.62° 5.41
15 5.52+0.2 1.82° 5.02
EO 5 4.86+0.26 2.48"F ND"
10 4.65+0.23 2.69° NDP
15 4.47+0.28 2.87° NDP
With ultrasound
130 W DI 5 5.22+0.27 2.12F 4.99
10 4.91+0.26 2.42"F 4.69
15 4.8+0.29 2.54°F 4.92
EO 5 4.24+0.41 3.09%° NDP
10 4.03+0.3 3.31¢ NDP
15 3.71+0.33 3.635¢ NDP
210 W DI 5 4.78+0.32 2.56" 4.8
10 4.5+0.39 2.84° 4.56
15 4.4+0.36 2.93° 4.94
EO 5 4.09+0.48 3.25°¢ NDP
10 3.58+0.47 3.76% NDP
15 3.03+0.34 4.30" NDP

a- Mean values not followed by the same letter in a column are significantly different (p<0.05).
b- ND = not detected by direct plating and enrichment (detection limit of 0.3 log CFU/ml).
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Table 4.4: Mean population of E. coli 0157:H7 recovered from tomatoes and wash
solutions after treatment with both NEO water and DI water.

TREATMENT WATER TIME RECOVERY LOG WASH
TYPE (min) (LOG REDUCTION?®  SOLUTION
CFU/tomato) (LOG CFU/ml)
Untreated 8.44+0.29
tomato
Without ultrasound
DI 1 6.37+0.36 2.07" 4.13
3 6.1+0.36 2.34" 3.93
5 5.9+0.48 2.54" 3.91
EO 1 4.240.3 4.24f NDP
3 3.95+0.35 4.5 NDP
5 3.6910.73 4.76° NDP
With ultrasound
130 W DI 1 5.57+0.4 2.88° 4
3 5.32+0.2 3.12° 3.91
5 4.72+0.24 3.73F 3.73
EO 1 3.3+0.49 5.14° NDP
3 2.6910.33 5.75P NDP
5 2.32+0.24 6.13¢ NDP
210 W DI 1 4.91+0.38 3.53F 3.69
3 4.60.41 3.84F 3.79
5 4.23+0.39 4.22° 3.43
EO 1 1.81+0.18 6.63¢ NDP
3 0.57+0.88 7.88° NDP
5 ND 8.44"° NDP

a -Mean values not followed by the same letter in a column are significantly different (p<0.05).
b- ND = not detected by direct plating and enrichment (detection limit of 0.3 log CFU/ml).
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Table 4.5: Mean population of Salmonella Typhimurium DT 104 recovered from
tomatoes and wash solutions after treatment with both NEO water and DI water.

TREATMENT WATER TIME  RECOVERY LOG WASH
TYPE (min)  (LOG REDUCTION 2 SOLUTION
CFU/tomato) (LOG
CFU/ml)
Untreated 8.47+0.30
tomato
Without ultrasound
DI 1 5.67+0.35 2.8 4.13
3 5.45+0.35 3.02¢ 4.25
5 5.32+0.44 3.15° 4
EO 1 3.3+0.27 5.17° ND"
3 3.18+0.26 5.29° NDP
5 3.07+0.37 5.4° NDP
With ultrasound
130 W DI 1 4.75+0.29 3.72F 3.61
3 4.44+0.37 4.03%F 3.5
5 4.12+0.66 4.35F 3.39
EO 1 2.27+0.47 6.2¢ NDP
3 1.8+0.16 6.675¢ NDP
5 1.66+0.14 6.81° NDP
210 W DI 1 4.25+0.43 4.22%F 3.33
3 3.74+0.54 4,73 3.18
5 3.34+0.47 5.13° 3.11
EO 1 1.62+0.04 6.86° ND®
3 0.28+0.69 8.14" NDP
5 ND 8.47" NDP

a -Mean values not followed by the same letter in a column are significantly different (p<0.05).
b- ND = not detected by direct plating and enrichment (detection limit of 0.3 log CFU/ml).
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CHAPTER 5

SUMMARY AND CONCLUSIONS

The effects of the use of a salad washer and ultrasonication on the efficacy of neutral
electrolyzed (NEO) water (155 mg/L) in reducing Salmonella Typhimurium DT 104 and E.
coli 0157:H7 inoculated on fresh produce were examined and determined in this study.
Romaine lettuce, iceberg lettuce and tomatoes were used for the salad washer study
while only romaine lettuce and tomatoes were used for the ultrasound study. In
general, the inclusion of these interventions (washer and ultrasound probe) with NEO
water resulted in greater reductions of populations recovered from the leaves and

tomatoes.

For the salad washer study, treatment time and washing speed were both
significant factors (p<0.05) in determining the reductions of initial populations on all
lettuce leaves treated with NEO water. In the case of deionized water (control
treatments), different washing speeds did lead to increased reductions but these
differences were not significant (p<0.05) at the same treatment time for any of the two
pathogens tested. Lettuce samples were treated for 1, 5, 10, 15 and 30 min and

tomatoes for 1, 5 and 10 min. Speeds used for washing were 40 and 65 rpm.

In the case of romaine and iceberg lettuce, greatest reductions were observed

after treatment with NEO water for 30 min with the washer operating at 65 rpm speed.
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Under these conditions, S. Typhimurium DT 104 and E. coli 0157:H7 reductions were 5.9
and 4.2 log units respectively. S. Typhimurium DT 104 and E. coli 0157:H7 reductions
after NEO water treatment of iceberg lettuce were 4.6 and 3.2 log units. 10 min NEO
water wash at 65 rpm was the most effective treatment for reduction of E. coli 0157:H7
(>6 log units) on tomatoes, while 10 min wash at both 40 and 65 rpm led to complete
inactivation of S. Typhimurium on the fruits. NEO water wash solutions analyzed always

completely inactivated the pathogens while deionized water solutions did not.

Lettuce leaves in which 5 log reductions were not obtained were further studied
by modifying the treatment conditions and procedure to ascertain whether the
objective could be achieved. 100 rpm washing speed was selected for all these tests and
of the modified factors tested, reduction of pH (from 7.5 to 6.5), increased time (from
15 min to 30 min or 15-15 min) and periodic (every 15 s) change of washer direction to
create further agitation were able to significantly increase reductions (p<0.05).
Increasing free chlorine concentration from 155mg/L to 200 mg/L did not lead to
significantly greater reductions (p<0.05). These modified procedures were able to
increase S. Typhimurium DT 104 and E. coli 0157:H7 reductions on iceberg lettuce to 5.2
and 4.1 log units respectively and E. coli 0157:H7 reductions on romaine lettuce to 5.14
log units. Increased reductions as a result of time can be attributed to the increased
duration of the NEO water contact with the leaves resulting in greater kills. Increased
agitation due to higher washing speeds and change of washer direction could increase
the detachment of pathogens on leaves into NEO water to facilitate inactivation.

Agitation also may cause NEO water to penetrate surface of leaves to reach cells that
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may not readily be accessible to the sanitizing solution. Finally, lowering pH increased
the concentration of the free chlorine in the form of hypochlorous acid which is the

most effective chlorine species in killing microorganisms.

In the ultrasound study, the effects of ultrasound application on NEO water
properties were first studied. ORP of NEO water increased significantly while pH and
free chlorine concentration did not (p<0.05). Water temperature also increased with

time as ultrasound was being applied.

For romaine lettuce and tomatoes, ultrasound led to greater reductions in both
NEO water and deionized water treatments when compared to corresponding
treatments without ultrasound (control) (p<0.05). Higher power (210 W) and longer
times (15 min for lettuce, 5 min for tomatoes) led to greatest pathogen reductions. NEO
water only reductions on lettuce were 2.9 and 2.7 log CFU/g for S. Typhimurium DT 104
and E. coli 0157:H7 while ultrasonication increased the reductions to up to 4.3 and 4.4
log units respectively. In the case of tomatoes, ultrasound treatment after 5 min at 210
W was able to completely inactivate both pathogens (>8 log unit reductions) while wash
solution only reductions were 5.4 and 4.8 log units respectively. NEO water wash
solutions analyzed always completely inactivated the pathogens while deionized water

solutions did not.
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APPENDIX B: Flow chart for determination of water properties after ultrasonication

1.6 L chilled NEO water
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